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ACTIVE AND PASSIVE REMOTE SENSING OF ICE
FINAL REPORT

This annual report covers research under the sponsorship of the ONR contract
N00014-89-J-1107 from October 1, 1988 to September 30, 1992. We have published 44

journal and conference papers and 5 student theses during this period.

The theoretical approach that has been developed to interpret the polarimetric
active measurements of saline ice is a random medium model using the radiative transfer
theory. The ice layer is described as a host ice medium embedded with randomly dis-
tributed inhomogeneities, and the underlying sea water is considered to be a homogeneous
halfspace. Multiple scattering effects are accounted for by solving the radiative transfer
equations numerically. The effects of random roughness at the air - ice, and ice - water
interfaces are accounted for by modifying the boundary conditions in the radiative trans-
fer equations. Analysis of the model for reconstruction of sea ice parameters is made. An
optimization approach is used for inversion. The discrepancy between the data and the
results of the forward model is minimized by changing the inversion parameters according
to a nonlinear programming scheme. Reconstruction of correlation lengths in the horizon-
tal and vertical dimensions has been accomplished using the polarimetric backscattering
coefficients at different angles of incidence as input data. Effects of data diversity and
noise on the reconstruction of the physical parameters of sea ice from the backscattering

coefficients are being investigated.

Recent theoretical works have suggested the potential of passive polarimetry in the

remote sensing of geophysical media. It has been shown that the third Stokes parameter




U of the thermal emission may become large for azimuthally asymmetric fields of abser-
vation. In one experiment, values of U of as high as 40 K were measured from a periodic
triangular soil surface at 10 GHz. In order to investigate the potential applicability of
passive polarimetry to the remote sensing of ocean surface, a numerical study of the po-
larimetric thermal emission from randomly rough ocean surface was performed. A Monte
Carlo technique utilizing an exact method for calculating thermal emission was chosen for
the study to avoid any of the limitations of the commonly used approximate methods in

rough surface scattering.

In this Monte Carlo technique, a set of finite rough surface profiles in two di-
mensions with desired statistics was generated. Each finite surfa.cé was then extended
periodically to create a set of infinite rough surfaces. The polarimetric thermal emission
from each surface of the set was then calculated using both the extended boundary con-
dition method and the method of moments. Finally, the results from the set were then
averaged to obtain the estimate of the polarimetric brightness temperatures for the given
surface statistics. The surface statistics chosen were intended to model a wind perturbed
ocean surface in the X to Xy band microwave region. For this purpose, a power law
surface spectrum corresponding to the capillary wave portion of the ocean spectrum was
chosen with rms surface heights corresponding to wind speeds of up to 10 m/s. The effects
of varying the azimuthal and polar looking angles, rms surface height, ocean permittivity,
exponent of the power law spectrum, and the necessary high and low frequency cutoffs of

the spectrum were investigated in this numerical study.

The results of the study indicate that the U parameter is sensitive to the azimuthal
angle between the surface periodicity and the looking angle and to the rms height of
the surface, and that the U parameter is fairly insensitive to variations in polar angle,

permittivity, surface power law spectrum, and surface spectrum high frequency cutoff.




These properties give further strength to the idea of using the U parameter to detect wind

direction over the ocean.

We studied an anisotropic layer model with ellipsoidal scatterers for applications to
polarimetric remote sensing of geophysical media at microwave frequencies. The scattering
configuration includes an isotropic layer covering an anisotropic layer above a homogeneous
half space. The isotropic layer consists of randomly oriented spheroids. The anisotropic
layer contains ellipsoidal scatterers with preferential vertical alignment and random az-
imuthal orientations. Effective permittivities of the scattering media are calculated with
the strong permittivity theory extended to account for the non-spherical shapes and the
scatterer orientation distributions. Baéed on the analytic wave theory, the dyadic Green’s
function for layer media is used to derive polarimetric backscattering coefficients under the
distorted Born approximation. The ellipsoidal shape of the scatterers gives rise to non-
zero cross-polarized returns from the untilted anisotropic medium even in the first order
approximation. The effect of rough interface is estimated by incoherent addition method.
Theoretical results and experimental data are matched at 9 GHz for thick first-year sea ice
with bare surface and with snow cover at Point Barrow, Alaska. The model is then used
to study the sensitivity of the scattering coefficients with respect to correlation lengths
representing the geometry of brine inclusions in the model for sea ice. Finally, polarimet-
ric signatures of bare and snow-covered sea ice are also simulated based on the model to

investigate effects of different scattering mechanisms.

A model to calculate the effective permittivity of saline ice under thermal variation
is presented in this paper. The model includes multi-phase inhomogeneities wit'h multiple
species characterized by orientation, size, and shape distributions. The model is then
used to derive the effective permittivity as a function of temperature under the strong
fluctuation theory which is extended to account for the complexity. The results calculated
from the model are compared with experimental data at 4.8 GHz for saline ice grown at the
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US Army gold Regions Research and Engineering Laboratory (CRREL). The comparison
between measured and calculated complex permittivities is good for the imaginary part

and the difference is within 10% for the real part.

Fully polarimetric scattering of electromagnetic waves from snow and ice is stud-
ied with a multi-layered random medium model and applied to interpret experimental
data obtained under laboratory controlled conditions such as CRRELEX. The snow layer
is modeled as an isotropic random medium. The sea ice is described as an anisotropic
random medium due to the nonspherical shape of brine inclusions. The underlying sea
water is considered as a homogeneous half-space. The random media in both layers are
characterized by three-dimensional correlation functions with variances and correlation
lengths corresponding to the fluctuation strengths and the physical geometries of the inho-
mogeneities, respectively. The strong fluctuation theory is used to calculate the effective
permittivities of the random media. The distorted Born approximation is then employed
to obtain the covariance matrix which represents the fully polarimetric scattering prop-
erties of the snow-ice media. It has been shown that the polarimetric covariance matrix
contains more information than the conventional scattering coefficients on the remotely

sensed media.

In saline ice sheets under quiescent condition, the background ice grows in colum-
nar form and saline water is trapped between ice platelets in the form of brine inclusions
which are usually ellipsoidal. The ice tends to grow vertically downward rendering the
ellipsoidal inclusions aligned preferably in the vertical direction and the crystallographic
C axes parallel to the horizontal plane. In this case, the C axes are, however, random in
azimuthal direction. The strong fluctuation theory is extended to account for vertically
aligned ellipsoidal brine inclusions with C axes randomly oriented in the horizontal direc-

tion. The brine inclusions are described by three-dimensional local correlation functions.




The configuration average over the azimuthal orientation angles is carried out in the pro-
cess of deriving the global correlation tensor. The distorted Born approximation is applied
to obtain the covariance matrix for the multi-layered snow-ice configuration. The theo-
retical results show non-zero cross-polarized returns under the first-order distorted Born
approximation. We have also compared the results with experimental data obtained by

the US Army Cold Regions Research and Engineering Laboratory (CRREL).

In sea ice, the scatterers can have various shapes, sizes, and permittivities. We
have also investigated the modeling of radar backscatter from random media with multiple
scatterer species. We consider each type of scatterers as a species which can take on a shape,
size, and complex permittivity different from other species. The multiple species in the
random medium are considered as randomly oriented ellipsoids and described by multiple
three-dimensional ellipsoidal local correlation functions. The variances and correlation
lengths of the correlation functions characterize the fluctuation strengths and the physical
geometries of each species of scatterers. The eflective permittivity of the random medium
is derived under the strong fluctuation theory and the polarimetric scattering coefficients
are calculated for the layer configuration with the distorted Born approximation. Due
to the non-spherical shape and the random orientation of the scatterers, the correlation
coefficient between the HH and VV returns has a magnitude different from unity and a
small phase angle. The scattering coefficients are also used to calculate the Mueller matrix
for synthesis of polarization signatures. The co-polarized signature of the random medium

has a rather straight distortion track and a recognizable pedestal.

Accurate calibration of polarimetric radar systems is essential for the polarimetric
remote sensing of earth terrain. Polarimetric calibration algorithms using in-scene re-
flectors and distributed targets are studied. The transmitting and receiving ports of the
polarimetric radar are modeled by two unknown polarization transfer matrices. These

unknown matrices are determined using the the measured scattering matrices from the




calibration targets. For the case of polarimetric calibration using three in-scene reflec-
tors, a Polarization-basis Transformation (PT) technique is introduced to find out a new
transmitting and receiving polarization basis under which the scattering matrices of the
calibration targets will fall into one of six simpler sets. The calibration solution can then
be solved easily in the new polarization basis and converted to obtain the solution in the
original polarization basis. The uniqueness of polarimetric calibration using three targets
is addressed for all possible target combinations. The PT technique can also be applied
to the polarimetric calibration using a combination of arbitrary in-scene reflectors and
distributed targets. The effect of misalignment of calibration targets and the sensitivity
of polarimetric calibration algorithms to the noise are illustrated by investigating several

sets of calibration targets.

We have studied the SAR image classification by using the neural network meth-
ods. Supervised methods, including both conventional Maximum Likelihood (ML) and
more recent multi-layer perceptron neural network classifiers have yielded higher accuracy
than unsupervised techniques, but suffer from the need for human interaction to prede-
termine classes and training regions. In contrast, unsupervised methods determine classes
automatically, but generally show limited ability to accurately divide terrain into natural
classes. We introduced a new terrain classification technique to discriminate sea ice sig-
natures in polarimetric SAR images by utilizing unsupervised neural networks to provide
automatic classification, but employing an iterative algorithm which overcomes the poor

accuracy of other unsupervised techniques.

Several types of unsupervised neural networks are first applied to the classification
of SAR images, and the results are compared with those of more conventional unsupervised
methods. Neural network approaches include Adaptive Resonance theory (ART), Learning
Vector Quantization (LVQ), and Kohonen’s self-organizing feature map. Conventional

classifiers utilized are the migrating means clustering algorithm and the K-means clustering
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method. Preprocessing is performed with the SAR images to reduce speckle noise and
stabilize the training process for the neural networks. Results after preprocessing show that
LVQ and Kohonen'’s self-organizing feature map outperform the conventional unsupervised

classifiers, but are still inferior to supervised methods.

To overcome this poor accuracy, an iterative algorithm is constructed whgre the
SAR image is reclassified using a Maximum Likelihood (ML) classifier. Training of the ML
classifier is performed using a training data set first classified by the above unsupervised
method, thus, requiring no human intervention, and preserving the unsupervised nature
of the overall classification scheme. The process is then repeated iteratively, training a
secoﬁd ML classifier using data classified by the first. It is shown that this algorithm
converges rapidly, and significantly improves classification accuracy. Performance after
convergence is seen to be comparable to that obtained with a supervised ML classifier,

while maintaining the advantages of an unsupervised technique.

The unsupervised and iterative techniques developed have been applied to the
polarimetric SAR images of Beaufort sea ice acquired by the C-, L-, and P-band SAR
instruments of Jet Propulsion Laboratory. The results obtained with the new algorithms
are compared with the results obtained with other techniques by classifying terrain features

in polarimetric SAR images.

A multivariate K-distribution has been developed to model the statistics of fully
polarimetric radar data from earth terrain with polarizations HH, HV, VH, and VV. In
this approach, correlated polarizations of radar signals, as characterized by a covariance
matrix, are treated as the sum of N n-dimensional random vectors; N obeys the negative
binomial distribution with a parameter a and mean N. Subsequently, an n-dimensional

K-distribution, with either zero or nonzero mean, is developed in the limit of infinite N or




illuminated area. The probability density function (PDF) of the K-distributed vector nor-
malized by its Euclidean norm is independent of the parameter a and is the same as that
derived from a zero-mean Gaussian-distributed random vector. The above model is well
supported by experimental data provided by MIT Lincoln Laboratory and the Jet Propul-
sion Laboratory in the form of polarimetric measurements. The results are illustrated by

comparing the higher-order normalized intensity moments and cumulative density func-

tions (CDF) of the experimental data with theoretical results of the K-distribution.

Among the various theoretical models applied to study the electromagnetic wave
scatterings from geophysical terrain, such as snow and ice, the radiative transfer theory
has drawn intensive attention in the microwave remote sensing society during the past
years. In most of the scattering models, the volume scattering and the surface scattering
effects have been investigated separately. Recently, there has been a growing interest in
the construction of composite models which can take into account both types of scattering.
We derived the first order iterative solution to the vector radiative transfer equations for a
two-layer medium with a diffuse top boundary and an irregular bottom boundary of Gaus-
sian roughness. The Kirchhoff approximation and the geometrical optics approach with
shadowing correction are used in formulating the boundary conditions. To demonstrate
the utilities of the theory, randomly oriented spheroidal discrete scatterer model is used to
calculate the backscattering coeflicients from soybean field in different growing stages and
compared to the experimental measurements. Good agreement has been achieved for both
the co-polarized and the cross-polarized data. It is observed that the presence of the rough
surface can significantly enhance the backscattering at small incident angles and increase
the cross-polarized returns. The polarization signatures calculated based on the Mueller
matrix show a straight distortion track and an observable pedestal. Numerical comparison
to the backscattering coefficients calculated by using planar bottom boundary conditions

with or without the incoherent addition of the rough surface effects are also made.




The concept of polarimetry in active remote sensing is extended to passive remote
sensing. The potential use of the third and fourth Stokes parameters U and V, which
play an important role in polarimetric active remote sensing, is demonstrated for passive
remote sensing. It is shown that, by the use of the reciprocity principle, the polarimetric
parameters of passive remote sensing can be obtained through the solution of the associated
direct scattering problem. In particular, the full polarimetric information, including the
corresponding brightness temperatures of U and V, can be obtained from the solution of
the direct scattering problem for four different polarizations of the incident wave. These
ideas are applied to study polarimetric passive remote sensing of periodic surfaces. The
solution of the direct scattering problem is obtained by an integral equation formulation.
Incidence on a penetrable, lossy, medium is considered. Since the kernels of the integral
equations are the periodic Green’s functions and their normal derivatives on the surface,
rapid evaluation of the slowly convergent series associated with these functions is observed
to be critical for the feasibility of the method. The study has shown that the brightness
temperature of the Stokes parameter U can be significant in passive remote sensing. Values

as high as 50 K are observed for certain configurations.

To demonstrate the use of polarimetry in passive remote sensing of azimuthally
asymmetric features on a terrain surface, an experiment was designed and implemented. A
triangular corrugation pattern was made on the sandy soil surface. Polarimetric brightness
temperatures are measured with horizontal, vertical, and 45° polarization orientations for
various observation angles. From the measured temperatures, absolute values as high as
30-40 K of the third Stokes brightness temperatures are observed. A theoretical analysis
of the data indicates that the high values of U are caused by the azimuthal asymmetry
on the remotely sensed soil surface. It is also observed from the experiment that the
brightness temperatures for all three Stokes parameters vary as the observation direction

varies from being parallel to the surface row structure to being perpendicular to the row
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structure. The significant implication of this experiment is that the surface asymmetry

can be detected with a measurement of U at a single azimuthal angle.
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F2: Remote sensing of sea ice

Polarimetric Scattering Model For
Reconstruction of Sea Ice Parameters

M. E. Veysoglu, J. A. Kong, C. C. Hsu

Department of Electrical Engineering and Computer Science
Massachusetts Institute of Technology

Cambridge, MA 02139

(Phone: 617-253-8535, Fax: 617-253-0987)

Abstract

To interpret the polarimetric active remote sensing data of saline ice, i7e have developed a
random medium model using the radiative transfer theory. The ice layer is described as a
host ice medium embedded with randomly distributed inhomogeneities, and the underly-
ing sea water is considered to be a homogeneous halfspace. The random medium model is
characterized by a correlation function described by correlation lengths in both the hori-
zontal and vertical directions. Multiple scattering effects are accounted for by solving the
radiative transfer equations numerically. The effects of random roughness at the air - ice,
and ice - water interfaces are accounted for by modifying the boundary conditions in the
radiative transfer equations. Analysis of the model for reconstruction of sea ice parameters
is made. An optimization approach is used for inversion. The discrepancy between the
data and the results of the forward model is minimized by changing the inversion parame-
ters according to a nonlinear programming scheme. Reconstruction of correlation lengths
in the horizontal and vertical dimensions has been accomplished using the polarimetric
backscattering coefficients at different angles of incidence as input data. Effects of data
diversity and noise on the reconstruction of the physical parameters of sea ice from the
backscattering coefficients are being investigated.




Polarimetric Thermal Emission from Randomly Rough
Ocean Surfaces: A Numerical Study

J. T. Johnson, R. T. Shin, and J. A. Kong
Department of Electrical Engineering and Computer Science

and Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge, MA

S. H. Yueh, S. V. Nghiem, and R. Kwok
Jet Propulsion Laboratory
California Institute of Technology, Pasadena, CA

Recent theoretical works have suggested the potential of passive polarimetry in the
remote sensing of geophysical media. It has been shown that the third Stokes parameter
U of the thermal emission may become large for azimuthally asymmetric fields of obser-
vation. In one experiment, values of U of as high as 40 K were measured from a periodic
triangular soil surface at 10 GHz. In order to investigate the potential applicability of
passive polarimetry to the remote sensing of ocean surface, a numerical study of the po-
larimetric thermal emission from randomly rough ocean surfaces was performed. A Monte
Carlo technique utilizing an exact method for calculating thermal emission was chosen for
the study to avoid any of the limitations of the commonly used approximate methods in
rough surface scattering.

In this Monte Carlo technique, a set of finite rough surface profiles in two dimensions
with desired statistics was generated. Each finite surface was then extended periodically
to create a set of infinite rough surfaces. The polarimetric thermal emission from each
surface of the set was then calculated using both the extended boundary condition method
and the method of moments. Finally, the results from the set were then averaged to obtain
the estimate of the polarimetric brightness temperatures for the given surface statistics.
The surface statistics chosen were intended to model a wind perturbed ocean surface in
the X to K, band microwave region. For this purpose, a power law surface spectrum
corresponding to the capillary wave portion of the ocean spectrum was chosen with rms
surface heights corresponding to wind speeds of up to 10 m/s. The effects of varying the
azimuthal and polar looking angles, rms surface height, ocean permittivity, exponent of
the power law spectrum, and the necessary high and low frequency cutoffs of the spectrum
were investigated in this numerical study.

The results of the study indicate that the U parameter is sensitive to the azimuthal
angle between the surface periodicity and the looking angle and to the rms height of
the surface, and that the U parameter is fairly insensitive to variations in polar angle,
permittivity, surface power law spectrum, and surface spectrum high frequency cutoff.
These propertics give further strength to the idea of using the U parameter to detect wind
direction over the ocean.




Anisotropic Layer Model with
Ellipsoidal Scatterers

S. V. Nghiem and R. Kwok
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Department of Electrical Engineering and Computer Science
and Research Laboratory of Electronics
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Abstract — This paper presents an anisotropic layer model with ellipsoidal scatterers for
applications to polarimetric remote sensing of geophysical media at microwave frequencies.
The scattering configuration includes an isotropic layer covering an anisotropic layer above
a homogeneous half space. Th= isotropic layer consists of randomly oriented spheroids.
The anisotropic layer contain. ellipsoidal scatterers with preferential vertical alignment
and random azimuthal orientations. Effective permittivities of the scattering media are
calculated with the strong permittivity theory extended to account for the non-spherical
shapes and the scatterer orientation distributions. Based on the analytic wave theory,
the dyadic Green’s function for layer media is used to derive polarimetric backscattering
coefficients under the distorted Born approximation. The ellipsoidal shape of the scatterers
gives rise to non-zero cross-polarized returns from the untilted anisotropic medium even
in the first order approximation. The effect of rough interface is estimated by incoherent
addition method. Theoretical results and experimental data are matched at 9 GHz for
thick first-year sea ice with bare surface and with snow cover at Point Barrow, Alaska.
The model is then used to study the sensitivity of the scattering coefficients with respect
to correlation lengths representing the geometry of brine inclusions in the model for sea
ice. Finally, polarimetric signatures of bare and snow-covered sea ice are also simulated
based on the model to investigate effects of different scattering mechanisms.




1. INTRODUCTION

Technology in remote sensing has been advanced considerably especially for airborne
and space borne radar with multi-frequency and multi-polarization capabilities. Theoreti-
cal models have been developed to interpret multi-frequency polarimetric data for remote
sensing of geophysical media. Several approaches including radiative transfer, modified ra-
diative transfer, and analytic wave theory have been considered in model developments [1].
The analytical wave theory, while remains mathematically tractable for some complexity of
the media, preserves the phase information which is appropriate for the calculation of po-
larimetric scattering coefficients [2]. Under the Born approximation for sparse and tenuous
media, conventional scattering coefficients have been derived for isotropic multi-layer (3],
anisotropic layer [4], and isotropic-anisotropic layer [5] configurations. Fully polarimetric
scattering coefficients have also been calculated for isotropic [6] and anisotropic [7] layer
configurations. In these models, the scatterers are spherical or spheroidal and the cross-
polarized returns come from second (or higher) order (8] or the tilted anisotropy [4]. For
denser or less tenuous media, the distorted Born approximation has been applied [9-11].
This approximation considers dissipation loss, scattering loss, and the modification of wave
speed due to the scatterers; thus, multiple scattering has been included to some extent.
For media with strong permittivity fluctuations, the strong permittivity fluctuation theory
is used in conjunction with the distorted Born approximation [12]. In this case, conven-
tional backscattering coefficients have been computed for an isotropic half-space [13], an
anisotropic half-space [14], and a configuration for an isotropic layer of spherical scatterers
above an anisotropic layer of aligned spheroids [15].

In this paper, the isotropic-anisotropic layer configuration containing non-spherical
scatterers is considered to obtain fully polarimetric backscattering coefficients for geophys-
ical media. The scattering configuration is illustrated in Figure 1 where 8y; is the incident
angle. The covering isotropic layer is composed of randomly oriented spheroids as described
in reference [16]. In the anisotropic layer, the scatterers are modeled with an ellipsoidal
correlation function with the orientation characterized by a probability density function
of the Eulerian rotation angles. The orientation of the ellipsoids is vertically aligned and
azimuthally random. The strong permittivity fluctuation theory is extended to calculate
the effective permittivities and the distorted Born approximation is applied to derive the
polarimetric scattering coefficients. Theoretical results are compared with measured data
for bare and snow-covered sea ice. The effects of rough interfaces are also estimated by
the incoherent addition approach [4]. Variations of polarimetric backscatter are studied
for various correlation lengths and polarization signatures of sea ice are simulated and
discussed for different scattering mechanisms. Following this plan, the paper consists of
5 sections. Section 2 is for effective permittivities, Section 3 for polarimetric scattering
coefficients, Section 4 for results and discussion, and finally Section 5 for the summary.




2. EFFECTIVE PERMITTIVITY

In the isotropic scattering medium of Region 1 in Figure 1, the embedded scatterers
are modeled as spheroids and the effective permittivity has been derived under the strong
fluctuation theory and reported in [16,17]. In the anisotropic medium, the ellipsoidal
scatterers have preferential alignment resulting in the effective anisotropy. The effective
permittivity tensor of the scattering anisotropic medium will be calculated in this section
for the ellipsoids with vertical alignment and random azimuthal orientations.

In an inhomogeneous medium such as sea ice, sea water is trapped in an ice medium
in form of brine inclusions which are usually ellipsoidal. The ice tends to grow verti-
cally downward rendering the ellipsoidal inclusions aligned preferentially in the vertical
direction. In the absence of sea currents, the crystallographic c-axes are random in the
horizontal plane as seen in Figure 2, which depicts a horizontal thin section of sea ice.
Consequently, the minor axes of the ellipsoids have random orientations parallel to the
horizontal plan. In this model, a correlation function corresponding locally to a scatterer
is used in the derivation of the effective permittivity with the strong permittivity fluctu-
ation theory, extended to account for the orientations of the ellipsoidal scatterers. When
the average process is performed over orientation angle ¢ shown in Figure 3, the effec-
tive permittivity is an untilted uniaxial tensor with vertical optic axis, which effectively
manifests the azimuthal symmetry of the inhomogeneous medium.

Let ¢, be the permittivity of the host medium and ¢, be the permittivity of the em-
bedded ellipsoidal scatterers occupying a total fractional volume of f,. The subscript for
the anisotropic medium (Region 2) is omitted in this section for convenience since the fol-
lowing derivation is for Region 2 only. Similar to the method in [12], auxiliary permittivity
€ = diaglegp, €gp, €q2] is introduced into the wave equation for latter consideration of the
singularity in anisotropic dyadic Green’s function Eg(F,F'). The singularity is accounted
for by decomposing ﬁg(i", 7) = G,4(F — ') into a principal value part and a Dirac delta
part with dyadic coefficient S which, in this case, is a diagonal tensor with three distinctive
diagonal elements S, Sy, and S, in the local coordinates (z',y', z'). These coordinates
are related to the global coordinates (z,y, z) by the Eulerian rotation tensor

cosgs sings O
T=|—sings cos¢s 0 (1)
0 0 1

The effective permittivity of the inhomogeneous medium is composed of a quasi-static
part and a scattering-effect part which accounts for the attenuation and the modification
in the wave speed due to the inhomogeneities

[\

off =€+ e [T - ?eff . (?-)] . :f:eff (2)
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where auxiliary permittivity €, and dyadic coefficient (?), which is the ensemble average
of S, are determined by the condition of secular-term elimination. The effective dyadic
scatterer E,ff, under the low-frequency approximation, is given by

Z,),2

[?eff] jm = / dés p(dy) Z I‘gltm {kg /: :dF {ﬁg(t)] kz'I’f(F) + @u} (3)

s

in which p(¢;) is the probability density function of orientation angle ¢y, rt: im 15 the
variance defined in [2}, ko is the free-space wave number, and ®; is the Fourier transform of
the normalized local correlation function. The anisotropic Green’s function Eg [12], which
is invariant under the azimuthal Eulerian rotation (1), is expressed in the k' domain as

. k' —kLE, 0

G,(F) = |-k, BD 0|+
I+ED.(R)| YT
(K2 +54)Do(k) | 0 0
k12 JANY 0 (43)
z =™y
1 kLK, k2 0 __FF

(k2 + k2)D(K) k2,D.(K')

kz
0 FERI+H)
92

where the quantities Do(k ), D (k ), k2,
angular frequency w and permeability p,

, and kJ, are in the following equations with

Do(k) = k2 + k'3 + K2 — K2, 4 (4b)
D.(F) =k + ”(k" + k' —E2) (4c)
k:p = 9’2#05ym a.nd kgz = w’poeg, (4d)

As in (2), the effective permittivity has been approximated by truncating the series in the
renormalization method. The validity condition for the approximation is | [_ ﬁ-(k)] |J m K1
The ellipsoidal scatterer is described with a normalized local correlation function of

the form
22 yﬂ 212
m®=m(vﬁ+ﬁ+ﬁ (52)
zl yl zl

with correlation length £.., £,+, and £, in the local coordinates corresponding to the minor,
the meridian, and the major axes of the scatterer. In this model, the correlation lengths
are related to the effective size and shape of the scatterers. This local correlation function
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can be reduced to spheroidal shape for two equal correlation lengths and to spherical shape
for three identical correlation lengths. Applying the Fourier transform on (5a) yields

Lorlyl
w2 (14 K2 + RS2, + k22, )?

Be(k) = (5b)

For random horizontal orientations with no preference in azimuthal direction, the proba-
bility density function of orientation is simply

p(¢s) =1/(27) (6)

To calculate the effective permittivity according to (2), g, and (?) need be deter-
mined. Due to the global azimuthal symmetry, auxiliary permittivity €, in the coordinate

(=,¥,2) is uniaxial as afore indicated and the elements in €, are subjected to the condition
(E) = 0 such that

—_ ‘ 2x —1 E:' 0 0 —
@=[a 0T (|0 & o) T
° 0 0 £

1 £z’+£y’ 0 0
=§<[ 0 &tly 01)=0 )
0 0 %

Local quantities {21, £y, and £,¢ in (7) are related to the elements of dyadic coefficient
S = diag[S,+, Sy, Sx] by

€ — €
&= s —an) (82)
€— €
O Ry Cpary (85)
le (e) = €= fgz (80)

€+ Sy(e—¢€g2)

where € can takes on the value of ¢, in a scatterer or ¢ in the background medium. From
(7) and (8), €5, and ¢, can be written as, respectively,

s —€gp 260 + (Szr + Sy )(es — €4,)
1—fs 26 4 (Sar + Sy )(es — €gp)

€0 + Sz(es — fyp) €0 + Syr(es — fgp)
€0 + Szi(e, — €gp) €0 + Syr(es — €gp)

€
€gp =€ + fs

(92)

€ — €5z €0+ Su(e — €g2)
9b
l—fa €0+Sz’(€¢_€yz) ( )

€gz =€b+fa




The average dyadic coefficient (?} in the global coordinates is obtained by the averaging
integration over the probability density function of orientation

Se 0 07
B = [ a5 oo T [ Sy 0| T
0 0 S..
1 Szl-I-Syl 0 0 -Sp 0 0
=s| o Sse+s, 0 |=|0 5 0 (10)
0 0 25, L0 0 S

The coefficients S+, Sy, and S, are derived from the secular elimination condition [12]
which renders

_ 6072 cos? ¢ _
S = 0 d¢ 2megpav/a [(1 + a)tan™" va —~ V/a] (11a)
2™ ggy2sin? ¢
Sy = 0 4 2#;1)4\/_ [(1+0)tan™ va - Va] (11b)

_ eo(1 + a) -
Sy —\/o do 27regza\/—[ a—tan™! /a] (11c)

where the values of both the square root and the inverse tangent are chosen on the principal
Riemann sheets with branch cuts on the negative real axis. In (11), the integrations over
¢ can be carried out numerically and quantities a, 7., and v, are defined as

a=av’ -1, a= 92 (12a)
€9p
2 "%
1 [cos®¢ sin’¢
z 2! v’
1 [cos’¢ sin?¢ R
Y2 = 57— + (12¢)
ez‘ ( t:' i e;‘;,
2 _%
1 [ cos® sin’ ¢
= — 12d
7!! ey' ( ei; + [3' ) ( )

Also due to the azimuthal symmetry of the scattering medium, the effective scatterer
tensor {.sr has the uniaxial form

_ §ettp 0 0
feff = 0 egro 0 (13)
0 [ N




which is obtained by substituting the Green’s function, the correlation function, and the
probability density function of orientation into (3). The integrations are carried out with
the procedure in [2,17]. Followed is how to compute Eeff :

1
feffp = 5 [562' (Iz' + Sz’) + 8€y' (Iv' + Sv' )] (143')
feffz = 6{:' (Iz’ + Sz') (14b)

where variance 8¢z, 8¢y, and 8¢, are respectively determined by

52
€p—¢€g ( €s—€gp
6 2! = 1 Fi 8 15
¢ | €0+ Sz (eb—egp)]( fo)+ eo+Sz:(e,—-egp)J s (15a)
i - 22
€—€gp €s—€gp
Seur = 1-f, A 15b
¢ .€0+Sv'(‘b_egp)] (A=f)+ €0+ S-(€s—€gp) d (155)
12
€—¢€g €s—€gz
662' = eo+Sz'(€b—6gz)] (1 fl)+ €0+Szl(€‘—€gz)_ fl (15C)

As observed from (14), expressions for I+, Ir, and I are necessary to complete the
derivation of the anisotropic effective permittivity. The result for I,/ is

2% _
L= / dp —=(13 +T2) (162)
0 TWEgz'
2 2T,/ A
ar" vay —¢ , J+¢ (7" -1 V—=¢ ]
. _ __ —_—t -2 16b
BT Tea e tham 2T, e
2 l14+av?, d,(a+2)— (b+a ™ 1
d_Y 9z -1
R [ S (e ) (16¢)
Vi =k, k,=wlue,, (=av’vl, (16d)
2
3 “":C, Fo=b-1, S.=b+( (16e)
For I.s, the result is expressed as follows
R 2 a3 2 4 2
—_— H (-4 (3
I = | d¢ - (€7, sin® I3 + £247; cos® I3) (17a)
1 1
s=a|@ -7 -7+ 1@+ - ) (170)

L=L;-5;-13 (17¢)




T -1 vV=¢

T = "ga, [' b A, (2 tan W)] (17d)
e oG]

2

oy 1 1 (= -1 1
= = ——t —_

5 2a?9, [ ol iR (2 ™ \/197)] (1)

B=Tla=1> 12=12|a=1’ 13=13|a=1 (175)

From the symmetry, Iy (€21, €y, €20) = Ipo(€yr, oty €2r). Explicitly, the result for I, is

2x k2 - .
Iy = i dé 7" (272 cos®¢ I3 + £2,4, sin’¢ I5) (18)
Substituting €, (?), and ?ef_f in (2) yields the uniaxial effective permittivity tensor
€.ss whose lateral and vertical elements are, respectively

€effo = €gp + €olesfol (1 — Splesro) (19a)
Eeffz = €9z + €ofefz/(1 — Szlessz) (19b)

As seen from the above expressions, effective permittivity €. is anisotropic with optic
axis in the vertical direction. In the next section, the anisotropic effective permittivity is
used in the derivation of the polarimetric backscattering coefficients under the distorted
Born approximation with dyadic Green’s function (DGF) for the layer configuration.

3. SCATTERING COEFFICIENTS

Consider the scattering configuration in Figure 1. Region 0 is the upper half-space
with permittivity €g. Region 1 of thickness d; is an isotropic medium consisted of randomly
oriented spheroidal scatterers of permittivity ¢,; in a background medium of permittivity
€p1. Region 2 of thickness d; is an anisotropic medium composed of ellipsoidal scatterers of
permittivity ¢,2 embedded in a host medium of permittivity e;2. The ellipsoids are oriented
preferentially in the vertical direction and randomly in azimuthal directions as described
in the last section. Region 3 is the underlying homogeneous half-space of permattivity
€3. The effective permittivities of the scattering regions are calculated as shown in the
last section. The distorted Born approximation is applied to derive the complete set of
polarimetric backscattering coeflicients constituting the covariance matrix and the Mueller
matrix characterizing the polarimetric scattering properties of the layer media.

Polarimetric backscattering coefficients have been defined with ensemble averages of
scattered fields [2]. The averages are calculated with spatial integrations over products of




the DGF's, the mean fields, and the correlation functions as follows

Bor) Fukel) = > 4 [y [ dbs matosod)

i3,k dym

.‘/;d,-l‘/;d‘r;’ca,-um(ﬂﬁ‘:’;fﬁmﬁf)

+ [(Goass (7, 71)){Fue ()] - [{Gorae(F, 7)) (Fim(72))] ™

T,¥,2 2%
+ ) K / dés p2(d5) [ drs / dr3 Cezjrim (72,735 6¢)
Lk O . h

+ [(Go2ii (Fy72) Y (Far (72))] - [(Gozil(ng))(Fzm(Fg))]* (20)

where V; is the volume occupied by Region 1 and V> by Region 2. The DGFs and the
mean fields have been obtained in [2]; the correlation functions need to be specified next.
The integrations are then effectuated to derive the scattering coefficients.

For Region 1, the correlation functions C’s in (20) are defined in [16] for the spheroids.
In Region 2, the correlation functions in the global spatial domain are

Ce2jkim (72,73, 85) = (€252 (F2)&31m (73)| B (72)) (21)

To facilitate the integration of (20), Fourier transforms of the correlation functions are
introduced for the statistically homogeneous scattering media under consideration

o0 -3 — -0
Cezjiim(T2,73,95) = / B 2juim(B)e P * (T2 73] (22)
—o0
which is expressed in the global coordinate system (2,9, 2) and related by the Eulerian

rotation transformation T (1) to the following non-zero correlations in the local coordinate
system (&',9',2')

Br00(B') = Brorzrarer(B) = 6201 202(B) (232)
‘I’zz'y'(ﬁ') = Pazrzryry (E') = 5zz'y"1’£2(3') (23b)
‘I’zz'z'(ﬁ') = §2z'=’z'z‘(ﬁ') = 82z ‘I’fz(ﬁl) (23¢)
Bryrer(B) = Rayyraret(B) = b2y 9e2(B') (234)
‘1’27'7'(-5-’) = Qh’v’v'w'(ﬁ) = 52v’v'§€2(ﬁ') (23¢)
B2y 2(B) = B2y (B) = b2y 0 ®2(B) (231)
82.2(B) = Basrsreret(B) = b20020Be2(B) (23g)
220y (B') = Bas121yy (B) = b2y 22(B) (23h)

§2z'z'(F) = Q2:':':';:'(3-') = 62:’:'¢€2(F) (231)
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where Qeg(ﬁ') is given in (5b), which is the Fourier transform of (5a), and the variance

82’s in (23) are

622'2' =

b2yy

62:':’

62z'y’

62:'2: —

+

62”110 =

2 2
€2 —€g2p 1 €52 —€g2p
- + 24a
€0+ S22 (€b2 —égzp) ( f.z) €0 +Szz'(€a2 - 592;’) fn ( )
€52 —€g2 2 €52 —€g2 2
927 1—fa2)+ =_9%f 24b
€o +S2y' (sz —égzp) ( f.z) €o +S2y' (502 —5929) fua ( )
€p2 —€g2 2 €42 —€g2 2
__"92z 1—f£,2)+ af 97 24c
€0+ S221(€s2 — €g22) (1=fe2) €0+ 522 (€s2— €522) Ju (24c)
. o %
€p2 —€g2p €y2—€g2p
1—
_€0+Szz'(662 -€g2p)_ €0 +Szy'(eb2'—€g2p), ( f‘Z)
q %
€42 —€92p €52 —€g2p =&, 24d
_€0+SZz'(5¢2_eg2p)‘ | €0 +S2y’(eai_eg2p)_ f.z 2= ( )
- %
€b2 —€g2p €2 —€g22
1—
[50+S2z'(€b2 _€g2p). | €0 +S2z'(562_ey2z), ( fa2)
4%
€32 —€g2p €452 €922 =&, 24e
[60+SZz'(€c2_€g2p)_ _€0+S2z'(502-5g2z)_ f02 2= ( )
~ %
€p2 —€g2p €p2—€g2z
1—
[Go +S2y(es2—€g2p) | | €0+ S22 (€12 —€g2z) | (1=fu2)
P oo g, (240)
z'y

€0+ 2y (€22 —€g2p) |

L €0 +S2z'(502 - 5522) i

Based on the invariant property of the Fourier transform under the rotation transformation,

spectral density Qg,-um(ﬁ) in the global coordinates can functionally be related to those

given in (24) with

9¢2(B) = B¢2(B., = B- cos ¢5 + By sin ¢y,
ﬂ;; = _ﬂz sin ¢f + ﬂy cos ¢f1
ﬂ; = Bz)

(25)

In the global coordinates, the rotation transformation together with the above invariant
property cast the anisotropic spectral densities into the form

®25kim(B) = S2jumPe2(B)

(26)
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where variance §2jktm are dependent on the Eulerian angle ¢¢ as

52jklm = (62::'2'Tzzjk + 62y'z'Tyyjk + 62:'::'Tzzjk)Tzzlm
+ (62;';,' zzjk -+ 62y’y' Tyyjk + 62:’1,’ zzjk) Tyylm
+ (62z'z'Tzzjk + 62y'z’ Tyyjk + 622':' zzjk) Tzzlm (27)

The Eulerian rotation has been applied to arrived at (27) where T’s are elements of the
following transforming tensors

_ cos?’¢py  singscosdy 0
T,z = | singscosdy sin? ¢ ¢ 0] (28a)
L0 0 0
_ [ sin® ¢y —sing rcosdy 0
T,y = | —singyscosgy cos? ¢4 0] (28b)
0 0 0
I
T,.=1-T,.— T, {o 0 o} (28¢)
0 01

By substituting the above correlation functions, the dyadic Green’s functions of the
layer medium, and the mean fields into (20), the correlations of the scattered field can now
be found. Rearranging all the coefficients from the DGF and mean fields, the scattering
coeﬁicxents can be written as

-1,1 2,9,z

urun = k8 [ a4, / dby pi(bnds) 3 3 WS, wsdt Tabed
0 a,b,c,d ik, 0m
ou,od .
eved =z,y,2
+ mk / dbs pa(ds) 3 Y WEL, UL TR (29)
Piq,Te Jvk lym

The scattering contribution of the first term in (29) from Region 1 due to the spheroids
has been obtained in [16] and the solution consists of 16 terms for downgoing and upgoing
incident and scattered waves. Region 2 contains scatterers with preferential vertical align-
ment, which effectively renders the medium anisotropic. The ordinary and extraordinary
waves going down and up give rise to 216 terms in the second term of (29). All coefficient
¥’s have been derived and given in [2]. For Z37;; , the result is

jklm?
P 262)klme2z'£2y'e2z' e-i(ﬂpq - 'c")dz
25kim =
7= T3 0 (rpg — K2)(rpg — £3)?(Kpg — Krs)

ei(lc,-. - qu)dl

(krs = £2)3(rcrs — K3 )3(Kkrs — Kpg)

— Pa(x2) — Q2(x3 )] (30a)
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where P2(x2) and Q2(x3 ), resulted from complex integrations, are determined by, respec-
tively,

i(dg — dl)e-i(fcg — Kpp)dy (2 — Kpg)d2
@il w2 (52 = pg) (2 = )
e—i(rpg — Kre)ds + e—i(rpg — Krs)d2
[ (21m x2)?(r2 — Rpg)(%2 — Krs)
e~ (K2 — Ky )dy gi(K2 — npq)dg]

B (2¢Im x2)2 (K2 — Kpg)(K2 — Kry)
1 1 . 1
) [ilmnz + K2 — Kpg + K2 — rc,..] (30b)

i(d; — dl)ei("; — Kpg)d1 —i(K7 — Kra)da
(2Im 7 )* (k7 — Kpg)(R7 — Kra)

'Pz(ICz) =

Qa(r3) =

ei(fc; — Kpq)ds e—i(n;‘ — Krs)d2
+ =
(2iIm k3 )2 (83 — Kpg)(K3 — Kra)

1 1 1
. [iIm Ky + K3 — Kpq + K3 — n,.,] (30c)

In (30), the pole «; is computed with the following equations

Ry =il 1+ K.6, + K8, (31a)
kgz = kpi cos(@i — ¢5) — kps cos($s — ¢4) (31b)
kgy = kpisin(@: — ¢7) — kpu sin(d, — é¢) (31c)

where ¢; and ¢, are azimuthal angles of incident and scattered waves, respectively. The
remaining integrations over Eulerian angles in (29) can be carried out numerically. When
low-frequency condition is valid, the integrations can be done analytically. It should be
noted that (29) expresses the scattering coefficients in the scattered basis which can be
transformed to the incident basis by changing the sign of o4rox and oorax [2]. The scat-
tering effect of the rough boundaries at the medium interfaces can also be estimated by
incoherently adding the total contribution from the rough surface scattering with consider-
ation of the propagation loss in the calculations of scattering coefficients. Compared with
the model in [2] for the case of vertically oriented spheroids, the new model can give higher
co-polarized backscattering coefficients due to higher total cross section of the ellipsoids for
the same fractional volume. Another difference is that the new model provides non-zero
cross-polarized backscattering in the first-order distorted Born term whereas the former
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can only account for the cross-polarized return in the second or higher order term when
the spheroids are vertically oriented.

4. RESULTS AND DISCUSSION
a. Data Comparisons

In this subsection, theoretical results are compared with experimental measurements
for backscattering coeflicients at 9 GHz as a function of incident angle. The radar backscat-
ter data were collected for the thick first-year sea ice near Point Barrow, Alaska [86]. For
thick first-year sea ice with bare surface, the scattering configuration is illustrated in Figure
4 representing a sea ice layer over sea water. The ice layer was 1.65-m thick and contained
brine inclusions. From ground-truth data, it has been inferred [19] that the brine had a
permittivity of ¢,; = (38.0 + 41.0)¢o and occupied a fractional volume of f,3 = 4.5%. The
background ice permittivity was estimated to be €33 = (3.15+10.002)¢o and the permittiv-
ity of sea water e; = (45.0 +140.0)¢o. With correlation length £;,+ = 0.70 mm, £, = 0.25
mm, and £;,» = 1.20 mm, the theoretical results match well with the experimental data, as
shown in Figure 5, for co-polarized backscattering coeflicient o), and o, at large incident
angles, and cross-polarized backscattering coefficient o, over the range of incident angles.

The disagreement in the co-polarized backscattering coefficients at small incident
angles is due to the scattering from rough surface. In the configuration of Figure 5, the
interfaces have been assumed to be smooth and the rough surface scattering has been
ignored. The effect of the roughness at the lower interface of the thick first-year sea ice
is negligible since the wave at 14 GHz is attenuated before the sea water is reached. To
account for the rough surface effect at the top interface, a Gaussian roughness is now
considered with standard deviation o, = 0.6 mm and correlation length £, = 1.5 cm as
depicted in Figure 6, where all other physical parameters are the same as in Figure 4.
The rough surface contribution, calculated with the small perturbation method (SPM) 1],
is incoherently added to the volume scattering. The comparison between theoretical and
experimental results for the co-polarized returns is improved at the low incident angles as
seen in Figure 7. For this surface, the additional contribution to the cross-polarized return
is small and is actually ignored in the SPM model applied in this case. The cross-polarized
return therefore remains unchanged.

The configuration for snow-covered sea ice is shown in Figure 8. The snow is 10-
cm thick according to the average of the thickness range reported in [18]). In the snow
layer, the oblate spheroidal shape is assumed for the ice grains with correlation lengths
£, = £;/6 = 0.15 mm. The physical parameters for the sea ice layer and the sea water
are kept unchanged. Both the top and the middle interfaces are rough with standard
deviation o, = 0.1 cm and correlation length £, = 1.5 cm. The theoretical result compare
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well with the measurements from the sea ice layer with snow cover as seen in Figure 9 for
the conventional backscattering coefficients. The theoretical cross-polarized returns are,
however, lower than the measurements. For a medium with high fractional volume such
as snow, a significant part of the total contribution to ok, can come from higher order
scattering which is ignored in the present model. Regarding the scattering mechanisms,
volume scattering is dominant at large incident angles. Rough surface effect is still strong
at small incident angles with more contribution from the snow-ice interface due to the
larger permittivity contrast. The oscillations observed in the curves in Figure 9 are caused
by the boundary effect of the snow cover. Comparing the cases with and without snow
cover shows that the low-loss dry-snow layer can enhance the backscattering due to the
introduction of more scatterers (ice grains) and a better impedance match between the air
and the sea ice layer. -

The above results have shown that the scattering from the inhomogeneities is dom-
inant at large incident angles while the contribution from the rough surface is important
at small incident angles for co-polarized returns. The cross-polarized return due to the
inclusions comes from the first-order term under the distorted Born approximation in this
model. The spheroidal model in [2] predicts a zero value of cross-polarized backscattering
coefficient o,54 under the first-order approximation because the scatterers are vertically
aligned. In the next subsections, effects of correlation lengths and polarization signature
of sea ice are considered.

b. Study on Correlation Lengths

SHAPE £, Ly £y Lo/l £ ]/E, L /8y Lol b
Reference 0.700 0.250 1.200 2.800 1.714 4.800 0.210
Expanded 1.050 0.375 1.800 2.800 1.714 4.800 0.709

Contracted 0.467 0.167 0.800 2.800 1.714 4.800 0.062
Thickened 0.467 0.375 1.200 1.245 2.570 3.200 0.210

Thinned 1.050 0.167 1.200 6.287 1.143 7.186 0.210
Elongated 0.572 0.204 1.800 2.800 3.147 8.824 0.210
Shortened 0.857 0.306 0.800 2.800 0.933 2.614 0.210

Table 1. Correlation lengths for various scatterer shapes

The geometry of the brine inclusions in sea ice is not available from the ice charac-
terization data. To study the effect of the scatterer size and shape, scattering coeflicients
are calculated with variable correlation lengths. To isolate the effect of correlation lengths,
bare sea ice with smooth surface configuration in Figure 4 is considered to avoid the contri-
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bution from the snow layer and rough interfaces. The correlation lengths used in the data
matching serve as a reference. The scatterer is expanded, contracted, thickened, thinned,
elongated, and shortened by varying the correlation lengths as shown in Table 1 while the
fractional volume is kept constant in all cases.

When all the correlation lengths are varied by the same factor, the scatterer shape
remains unchanged since the correlation length ratios stay the same. For the same frac-
tional volume, the effective number of scatterers decreases as the scatterer is expanded and
increases when the scatterer is contracted. The conventional backscattering coeflicients as
well as the correlation coefficient p = Ohhvo/\/TrhOvs (2] between the horizontal and verti-
cal returns are calculated for the volume expansion and contraction with the same factor of
1.53. The results are plotted in Figure 10. For o, and o,., the scattering coefficients are
reduced much more when the correlation volume of the scatterer is contracted as compared
to the increases in the case of volume expansion. This show the nonlinear relation between
the volume scattering and the scatterer size. In this case, an underestimate in the scatterer
volume, compared to the overestimate with the same factor, will lead to more variation in
the co-polarized backscattering coefficients. An interesting observation is the insensitivity
of the cross-polarized ratio e = opy/osn as shown in Figure 10. This is because the depo-
larization is caused by the non-spherical shape of the scatterer, which is kept unchanged.
For the correlation coeflicient p, the results show that the horizontal and vertical waves
become more correlated as the correlation volume increases. For the larger volume, the
sea ice medium is more lossy and wave path is effectively reduced. Consequently, the
anisotropic effect causing the decorrelation between the horizontal and vertical waves is
weakened.

When the correlation length ratios are varied while the scatterer volume and the
fractional volume are kept, the scatterer shaped is deformed and the number of scatterers
remains unchanged. For the same vertical correlation length €./, the horizontal correlation
lengths are now modified by a factor of 1.5 to thicken and thin the scatterer as indicated in
Table 1. In Figure 11, the co-polarized returns are rather insensitive since the horizontal
cross section of the scatterer is not varied (£.£, = 0.175 mm?). It is obvious that the
cross-polarized ratio is strongly dependent on the scatterer shape. The depolarization
effect is more prominent as the scatterer is further deformed from the spheroidal shape.
For the magnitude of p, the variation is larger at small incident angles where the scatterer
shapes are more different as compared to the cases at large incident angles. The phase of p
started from 0° at normal due to the azimuthal symmetry [20] and increases with incident
angles. Also, the absolute value of the phase is larger for the thicker scatterer since the
anisotropy is stronger.

While the correlation length ratio £,/ /£, and the fractional volume are not changed,
the scatterer is elongated and shortened by varying the vertical correlation length £, by
a factor of 1.5. Figure 12 presents the results for these cases compared with the reference.
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There are large changes in the co-polarized returns due to the corresponding differences
in the horizontal cross section of the scatterer. The variation in the cross-polarized ratio
is small since the horizontal correlation length ratio is not varied. The magnitude of p
differs more at large incident angle where the shape difference is more significant. The
phase of p is closer to zero as the scatterer becomes shorter and the sea ice medium
approaches the isotropic condition. As shown in this subsection, the scatterer volume and
the horizontal cross section affect the level of the co-polarized returns. The depolarization
effect characterized by the cross-polarized ratio is controlled by the scatterer shape. The
ellipsoidal shape of the scatterer with preferential vertical alignment is also responsible for
the anisotropy of the medium and consequently the behavior of the complex correlation
coefficient p between the horizontal and vertical returns.

c. Polarimetric Simulation

To investigate how polarization signatures relate to the corresponding covariance
matrix and convey information regarding different sea ice configurations and scattering
mechanisms, polarimetric data are simulated for sea ice with bare surface and with snow
cover at different incident angles. The configurations under consideration are in Figure 4
for bare sea ice with smooth surface, in Figure 6 for bare sea ice with rough surface, and
in Figure 8 for snow-covered sea ice. Due to the azimuthal symmetry of the scattering
configuration, the covariance matrix has the form of [20}

_ 1 0 o7
C=om 0 e 0 (32)

PVA 0

where the co-polarized ratio is ¥ = 0yy/ons. The elements of the covariance matrix is
used to calculate the Mueller matrix to obtain the signature o(a,, 5y, @;,3;) as defined in
[2] for polarization angles a, and «a; and ellipticity angles 8, and §; of the received (r)
and the incident (i) waves, respectively. For a co-polarized signature, a, = a; = a and
iBr = ﬂi = ﬂ .

Normalized co-polarized signatures denoted by o, for bare sea ice with smooth and
rough surfaces at incident angles of 20° and 45° are presented in Figure 13. At §y; = 20°,
the signatures for smooth sea ice due to volume scattering and for rough sea ice due to
surface scattering are similar because both covariance matrices have 4 close to unity, small
e, and p with small phase as seen in Figure 14. However, the magnitude of p shown
in Figure 14 are distinctively smaller for the volume scattering mechanism with smooth
surface. At 6p; = 45°, the volume scattering is dominant in both smooth and.rough cases
whose correlation coefficients have larger phase giving rise to the signatures in Figures 13c
and 13d with more distortion compared to those at 20°. For snow-covered sea ice, Figure
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15 reveal that |p| is closer to unity and the phase is smaller at incident angles of 20° and
45°. Thus, the corresponding signatures for the snow-cover sea ice in Figure 15 have much
less distortion due to the effects of the rough surfaces and the isotropic snow layer which
mask the anisotropic information from the lower sea ice layer at the X-band frequency.
The boundary effects due to snow cover can also be observed with the oscillation in the
phase of p in Figure 14.

5. SUMMARY

In this paper, an anisotropic layer model with ellipsoidal scatterers have been de-
veloped. The top layer is an isotropic medium with randomly oriented spheroids. In the
anisotropic layer, the ellipsoids are aligned vertically and oriented randomly in azimuthal
directions. Further medium complexity such as multi-species, size and shape distributions
have not been incorporated in this model and can be considered for future model develop-
ment. The effective peru..tiivities are derived with the extended strong fluctuation theory
and the polarimetric sc- ttering coefficients are calculated under the distorted Born approx-
imation. In this rodel, the cross-polarized return is obtained from the first-order distorted
Born approximation due to non-spherical shapes of the scatterers; however, higher order
contributions are ignored. The effects of rough surfaces are estimated with the incoher-
ent addition method and higher-order interactions between volume and surface scattering
mechanisms are not included. The theoretical results compare well with the measured data
for thick first-year sea ice with bare surface and snow cover. The effects of the scatterer
geometry are investigated by varying correlation lengths which change the shape and the
volume of the scatterer. Polarization signatures are then simulated for the thick first-year
with and without snow cover. The volume and surface scattering mechanisms are discussed
in terms of conventional backscattering coefficients as well as polarization signatures and
correlation coefficient p between the vertical and the horizontal returns.
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Figure Captions

Figure 1. Scattering configuration of layer media.

Figure 2. Ilustration of a sea-ice horizontal thin section; the arrows represent random
horizontal orientations of crystallographic c-axes and ellipsoidal brine inclusions.

Figure 3. Geometry of an ellipsoidal scatterer.
Figure 4. Scattering configuration of bare thick first-year sea ice with smooth surface.

Figure 5. Backscattering coefficients from bare thick first-year sea ice with smooth
surface.

Figure 8. Scattering configuration of bare thick first-year sea ice with rough surface.
Figure 7. Backscattering coefficients from bare thick first-year sea ice with rough surface.
Figure 8. Scattering configuration of thick first-year sea ice with snow cover.

Figure 9. Backscattering coefficients from thick first-year sea ice with snow cover.
Figure 10. Effects of expanded and contracted scatterer volumes.

Figure 11. Effects of thickened and thinned scatterer shapes.

Figure 12. Effects of elongated and shortened scatterer shapes.

Figure 13. Polarization signatures of bare thick first-ycar sea ice with smooth and rough
surfaces at incident angles of 20° and 45°.

Figure 14. Correlation coefficient p of thick first-year sea ice with bare smooth surface,
bare rough surface, and snow cover.

Figure 15. Polarization signatures of thick first-year sea ice with snow cover at incident
angles of 20° and 45°.
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ABSTRACT

A model to calculate the effective permittivity of saline
ice under thermal variation is presented in this paper. The model
includes multi-phase inhomogeneities with multiple species char-
acterized by orientation, éize. and shape distributions. The
model is then used to derive the effective permittivity as a func-
tion of temperature under the strong fuctuvation theory which
is extended to account for the complexity. The results calcu-
lated from the model are compared with experimental data at
4.8 GHz for saline ice grown at the US Army Cold Regions Re-
search and Engineering Laboratory (CRREL). The comparison
between measured and calculated complex permittivities is good
for the imaginary part and the difference is within 10% for the
real part.

INTRODUCTION

Sea ice consists of crystalline ice, solid salt, liquid brine
inclusions, and air bubbles. Temperature strongly aflects sea
ice structure, constituent characteristics. and thus its electro-
magnetic properties. The constituent phases in sea ice are re-
lated thermodynamically. Fractional volumes of brine inclusions
and air bubbles change accordingly as the temperature of sea
ice varies. For brine inclusions, the size distribution has been
reported Lo follow the power law {J} and the shape has been ob-
served as substantially cllipsoidal {2} for large and medium sizes
and more rounded for small sizes.

When the temperature increases during a warming cy-
cle, the shape of the inclusions becomes less ellipsoidal. For air
bubbles, the shape has been considered as rather rounded in the
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form of spheroids or spheres, which does not change as much
as the shape of brine inclusions. Non-spherical inclusions in sea
ice can have preferential alignment in the vertical direction such
as in columnar ice and random orientation in azimuthal direc-
tions. In this model, the orientation distribution of scatterers is
depicted with Eulerian angles. The size variation of scatterers
in a species is described in terms of the number density or the
fractional volume as a function of normalized volumetric sizes.
For various shapes of a scattering constituent, inclusions with
similar shape are treated collectively as a subspecies. Strong
permittivity fluctuation theory 3] is then extended to derive the
anisotropic permittivity tensor of sea ice with the above charac-
teristics. Theoretical results are then compared with measured
data for saline ice at different temperatures.

EFFECTIVE PERMITTIVITY

Consider an inhomogeneous medium consisting of vari-

ous scattering species embedded in a background medium. First,

a species is defined as a set of all scatterers with the same permit-
tivity. Within a species, scatterers of similar shape are classified
into a subspecies. For simplicity, a species is now redefined 2s
set of all scatterers with the same permittivity and shape. Let
¢ be the permittivity of the background. The inhomogeneous
medium has N scatterer species of ellipsoidal shapes (which can
be reduced to spheroidal or spherical shapes) with vertical align-
ment and random azimuthal orientation. Species ¢ has permi"'
tivity ¢, and a fractional volume [, in the mixture. Anisotropic
effective permittivity tensor of the inhomogeneous medium is
sum of a quasi-static part and a scattering-effect part in the
following expression
91-72810/92503.00 © IEEE 1992
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o i tffp O 0 form. Based on this observation, a slowly varying logarithmic
7—3,”-(3)] 'Eell =1 0 ey O (1)  function is used to describe the shape distribution in terms of
pormalized volumetric size and axial ratios of the ellipsoids.
When the temperature is increased during a warming cycle, the
where auxiliary permittivity Z, and dyadic coefficient S are de- shape of the inclusions becomes more rounded. This structural
rived from the condition of secular-term elimination, and the  variation in sea ice is characterized with reshaping factors op-

0 0 e

‘ effective dyadic scatterer Ed/ is approximated as erating on the maximum axial ratios. This thermal variation
: depicts the smoothing process which makes the brine inclusions
N N 2x r 2x . ey e
L = approach the more rounded spheroidal form with increased tem-
T [E./f],-,.. = Z /40/ d‘!/ dp [ dapi(a,B,%) pp ) P .

v. Jo 0 0 perature. For air bubbles, the shapes have been considered as

f, i(s)=1
P rather rounded in the form of spheroids or spheres. Therefore,

e = - =
Z r{® {kg/ dk’ [(_?,(F)]k,¢;¢(kl) + [S;]“} (2)  theshapes of air bubbles do not change as much as those of brine
-00

i&jkim
L v,a.8.7 inclusions and are assumed to be unaffected by temperature.

where i stands for species i(s). Quantity v is the normalized vol- Local correlation lengths of a scatterer can also be es-
umetric size defined as the ratio of the volume of a scatterer over timated by the equivalence condition between the correlation
that of the smallest scatterer of the same permittivity regardless volume and the volume of the scatterer with the same axial ra-
o fhapf’ 'l;lhe n.ntegratlon over dv accounts f(‘)r the s'lze fi'f;“' tios [4]. When the size distribution is specified, local correlation
b“‘:”; 'l" t; s'fe r?nge i ofrlhe' scau.erer.s n species 1. h he  |engths of a brine inclusion can therefore be calculated. Further-
P"°ﬁa ':;3/ ens'l;.\ | u.nctlon <l’ orgm.auzn 1S '."-(0»3:'7)0“' ex;c more, correlation lengths also vary as a function of temperature
a, f, and -y are Eulerian angles. Gy is the anisotropic Green's o o \bo o6 of an individual § : .
ual inclusion changes with tempera-
function. @,¢ is the Fourier transform of normalized exponentiar . If section images of sea ice are available at the temperatures
correlation function with correlation lengths £, {;yr, and &, . . . .
1 i local variance of species i. The condition of seculur under consnfieratnon, sizes of sc.atterers are measured to obtain
i&jklm <=( ) b the correlation lengths. If the size measurements are only made
elimination (£()) = 0 is imposed to find € = diag(eg,.¢00,¢5:)  at a fix temperature T, correlation lengths at a different tem-
and then the integration in (2) is carried out to derive the eflec-  perature T can be estimated for undeformed ice with low brine
tive permittivity tensor. loss. Correlation lengths for air bubbles can also be obtained in
the same manner.
PHYSICAL DESCRIPTIONS
At i . - . i1 brine incl The constituents in sea ice are ice, solid salt, brine inclu-
microwave frequencies, saline water in brine inclu- . . :
A ’ sions, and air bubbles. For the background ice, the real part of
sion i ittivi -hi > - el s e . .
netis has h'g'h p‘:_’m“f'v"‘y _“h:h s.:)rox}gly :H;ct.s elle_c.trom:g permittivity is not sensitive to temperature; however, the imagi-
b < properties of sea ice. Size distri txt:on oftheinclusions has  p,ry part is dispersive and varies with temperature. An empiri-
een repo ; ' o it cer-law distri- S .
. p rted to follow the power law i1]. The power-law distri- .} formula to calculate the imaginary part of ice permittivity as
bution in terms of normalized volumetric size is described by a a function of temperature at microwave frequencies is given in
ower-faw i ity inei i ; . < ..
pl’ ) ndex p and the number density no of brine inclusions i5]. For brine in sea ice, empirical formulas to compute complex
ol smallest size. i g ic size i . . . . .
ratio of Isue '1;he normalized volumetric size is defined as the dielectric constants of brine in terms of temperatures and mi-
0 of vo i i . - . . . .
one. Wh ur;:e ° a;! inclusion over the volume of the smallest crowave frequencies are reported in [6]. To determine fractional
e. en i : ini ; . . . . .
and . the total fractional volume, the minimum, average. volumes of brine inclusions and air bubbles in sea ice. Cox and
maximu 1 inei i , . . . ey e
o can be f mdslzes of the brine inclusions are measured. p and  \yooks i7} have provided equations, based on phase equilibrium,
0 €an be foun i istri ion 1 i . . . ..
different 1 and the size distribution is thus determined. At in terms of bulk ice density and salinity for the temperature
rent tempera . indivi i 3 ary . . R .
By assummi ph !urel volumes of individual brine pockets vary. range of - 2 C 10 -30 C. The fractional volume of solid salt is
uming t : ine i i . . . .
same ray 8d :l volumes of all brine inclusions change at the low and will be neglected in the calculation. From characteriza-
rate ap ity i ions i : . . .
the power ind the density number of the inclusions is conserved. iy casurements, input parameters to the sea ice model can
wer Inde: ; i . . . . . .
x can be shown to remain unchanged as the tem be obtained as discussed in this section.

_Z‘ Perature varies. If characterization data are not available at all
TE G lempera . . . .
o pch tures under consideration, the index obtained at a tem- RESULTS AND DISCUSSIONS
. lure may be used at a different temperature when there is
no : . . . e . oy
fevere brine loss nor deformation. Otherwise. size measure- Relative permittivities of ice were measured 2. at CR-

:::::;":hnec?ssar.y u') de}errr?ine tT\e siz:e distributien. For air  REL by .using the transmission method with \.va\'e normally. inci-
°blain¢‘; . e size d‘lstrtbuuon is derived in the same manner or  dent on ice slabf: thus, only ¢y, correspfmdlng to the ordinary
rom section images. wave were obtained. Ice slab 85-3 considered here was taken
from a saline ice sheet to a laboratory environment. Measure-
'“b"anlli:]};;se:-een ?:S;TV'-;:’ lhat: t!‘ehs.hape O.f brir"le’inclusi'ons is  ments of.permiui?‘ily and p}.l_vsical parameters were ma:le during
sions of — .IPSOI [2]. From icé€ thin sections 12!, only m.clu- progressn't.e warming of the ice slab from —32°C to -2 C atl 4.8
Sizes are seen to have a more rounded spheroidal  GHz. During the process, there was some brine loss which can
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A model which accounts for the complexity of the multi-
phase inhomogeneities with multiple species characterized by ori-
entation, size, and shapes distributions has been presented in
this paper. Anisotropic effective permittivity of the inhomoge-
neous medium is derived with the extended strong fluctuation
theory. The thermodynamics of the constituents in sea ice is
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ice is made and the trends observed from the experimental mea-
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Abstract

Earth terrains are modeled by a two-layer configuration with a random permittivity described
by a three-dimensional correlation function with horizontal and vertical correlation lengths and
variances. Using the wave theory with Bora approximations carried to the second order, this model is
applied to derive the polarimetric backscattering coefficients of the Mueller and covariance matrices.
From a physical point of view. the Born first- and second-order approximations account for the single
and double scattering processes, respectively.

For the isotropic random permittivity counfiguration, five out of the nine elements of the
covariance matrix are zero under the Born first-order approximation. For the uniaxial tilted random
permittivity case. the covariance matrix does not contain any zero elements. To account for the
azimuthal randomness in the growth direction of leaves in tree and grass fields. an averaging scheme is
developed in which the backscattering coefficients are averaged over the azimuthal direction. In this
case, the covariance matrix is described by four zero elements though the tilt angle is different from

- zero. Applying the Born approximation to the second-order, the covariance matrix is computed for
the isotropic and the uniaxial untilted random permittivity configurations. The covariance matrix
has four zero elements. and a depolarization factor is obtained, even for the isotropic case.

To describe the effect of the random medium oo electromagnetic waves, the strong permittiv-
ity fluctuation theory, which accounts for the losses due to both of the absorption and the scattering,
is used to compute the eflective permittivity of the medium. For a mixture of two components, only
the frequency, the correlation lengths, the fractional volume, and the permittivities of the two con-
stituents are needed to obtain the polarimetric backscattering coefficients. Theoretical predictions
are illustrated by comparing the results with experimental data for vegetation fields and sea ice.
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Introduction

For many types of earth terrain, the scattering effects due to medium inhomo-
geneities play an important role in the determination of radar backscattering coeffi-
cients. The volume scattering properties of a medium have been successfully modeled
by the random permittivity fluctuations [1]. The random medium is characterized by
a background permittivity and a random permittivity fluctuation modeled by a three-
dimensional correlation function with horizontal and vertical correlation lengths and
variances.

The objective of this paper is to develop a mathematically rigorous, fully po-
larimetric model to compute the covariance matrices in the backscattering direction
for different kinds of earth terrains with a two-layer configuration medium with ei-
ther an isotropic or an anisotropic random permittivity. Of all the analytical wave
approacbes to the study of scattering by random medium, the Born approximation
is the simplest. An integral equation is first formed for the electric field using the
unperturbed Green'’s function in the absence of permittivity fluctuations. The inte-
gral equation is then solved by iteration with the iteration series known as the Born

-series. With both the first and second terms of this series which respectively describes

a single and 2 double scattering processes, the polarimetric backscattering coefficients
are computed.

Scattering, Mueller, and Covariance Matrices
Consider an electromagnetic plane wave propagating in the direction k.
E = (Esh + E, i) %7 (1)

where E, is the horizontal component, E, is the vertical component, h and & are two
orthogonal unit vectors satisfying the relation ¢ x & = &. Consider an incident plane
wave E; impinging on a particle. This particle will radiate and the scattered electric
field E, can be related to the incident electric field E; by the scattering matrix [2):

() - (2 2)-(2)
E,, VH vv E,.;
The elements of the scattering matrix are complex and the relation VH = HV holds
(1] in the backscattering direction and for reciprocal media.

Instead of relating the scattered electric field to the incident electric field, the
modified Stokes vector, defined by [1], cau also be used to relate the scattered Stokes
vector to the incident Stokes vector:

JEE B

I U=2RAEED) V=lIm(EED) ()
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This definition is chosen since the first two modified Stokes parameters represent the
intensity of the wave in the horizontal and vertical polarizations:

In
1= f} (4)

v

In terms of the elements of the scattering matrix (2), the Mueller matrix M relates
the scattered to the incident Stokes vectors according to

L=M1, (s)
is found to be
1A 7V Re(HH - HV®) —Im(HH-HV®)
vap vvp Re(VH-VV®) ~Im(VH -VV*)
2Re(HH -VH®) 2R{HV-VV®) Re(HH-VV® 4+ HV.VH') <Im(HH.VV®-HV.VH")
UmHH-VH®) 2Im(HV-VV®) Im(HH-VV* +HV.-VH*) ReHH-VV®-HV-VH")

(6)

where all the Mueller matrix elements are real numbers. From the four ele-

meuts of the scattering matrix (2), the covariance matrix may also be defined. In

general the covariance is a complex matrix of sixteen elements. In the special case

of the backscattering direction and for a reciprocal medium, the covariance matrix is
transformed to a matrix of nine elements as follows

_ HH |HH|? HH-HV* HH.VV®
C= (HV (HH* HV*® VV*)= (HV-HH‘ |HV? HV.VV:
Vv VV.HH* VV.HV*® vv?
(7)
By comparing the scattering (2), the Mueller (6), and the covariance matrices (7).
it is easily seen that all the polarimetric information may be expressed in any of
these matrices. The covariance and Mueller matrices can be transformed to each
other since they contain the same information. However, from these two matrices.
the scattering matrix cannot be fully retrieved because the absolute phase factor is
not taken into accouant in either the covariance matrix or in the Mueller matrix.

In our study of microwave remote sensing, the random medium model is used
to simulate the permittivity of the earth terrain. This implies that the simple case
of a single particle can no longer be considered but the ensemble average of the
electric field needs to be calculated. The polarimetric bistatic scattering coefficient
7urvu(Ei, Ia) is defined b)' l3]

4mr* < E,E;,> _ 4nr?

7441»«(1:“ I’l) = lim < 4T - vk' > (8)

A== Acosby; EnEYN :l“:% A cos o;

*—o0
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where A is the area illuminated by the radar, r is the distance between the radar

_and the observed terrain, and 8 is the polar incident angle. Furthermore, k; and

k, are the incident and scattered wave vectors, respectively. The subscripts s and
i stand for scattered and incident waves, respectively. Finally, ur and vk are the
four components of the scattering matrix where u. 7, v, and x represent either the
horizontal k or vertical v polarizations.

The polarimetric backscattering coefficient 0,,..,. is defined [3] from the bistatic
coefficient when k, = - k;

2 . 2 .
Turva = 7prvu(zh-ki)c°500i = }i_n.l. 4:7‘ < gwE:. > = ‘u_n.'l' Az < BT VK. >

(9)
The polarimetric backscattering coefficients o,.,,. are complex except the three “tra-
ditional” real-valued backscattering coefficients

OhhaA =  Ohp
Ohehw = Ohy
ar'v' = U“ ( 1 0 )

Similarly, the covariance matrix (7) constituted by the different polarimetric backscat-
tering coefficients can be derived

- anr? [HE OAh  OabAe  Ohhws
C=lim —— | HV | .(HH* HV® VV')=|0la Orn Ohne| (11)
T Vv dl:ln- U;m (£

Therefore, the complete polarimetric information can be obtained by computing only
six backscattering coefficients in which three are real (oan. 0., and o,.) and three
are complex (Tanhe, Thrces Theve)-

Formulation

Consider an electromagnetic plane wave impinging upon a two-layer random
medium configuration as shown in Fig. 1. The top layer represents free space with
a permittivity ¢ while the bottom layer has a deterministic permittivity ¢;. In
between, a layer with thickness d and extending infinitely in the lateral direction is
characterized by a random permittivity ¢;(7)

&(F) = e1n + €4(F) (12)

This random variable has a mean value ¢, and a small fluctuating term ¢, /() whose
average is zero. The wave equations for both regions may be written as

V x V x Eo(F) - k3Eo(r) =0 (13)
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T x ¥ x Ey(F) - k1. Ei(r) = Q(F)E\(r) (14)

wiaere Eqo(F) and E, () denote the electric fields fluctuation in region 0 and region 1,
respectively.

. z
N ksul
€. M
2=0
§iT) =g +,(T). 1
Layer With Random Permittivity
Z=-d

& H

Figure 1: Isotropic two-layer configuration.

Furthermore, the following variables have been defined
k3 = wPueo B =dpam Q(F) = wueyy(7) (15)

With the effective source term Q(7)E,(r), (13) and (14) can be expressed in integral
form as follows

Bo(r) = E'7) + [ &7 Caulr.71) @) - Ea(ra) (16)
Euf) = E(F) ~ /d’ﬂ GulF.F1) Q(Ry) - Ex(71) (17)

where E:,m(?) and E§°'(f) are the specular or coberent electric fields in the absence of
random permittivity in region 1. Furthermore Go:(F,7,) and Gi,(F, F1) are the dyadic
Green’s functions for observers in regions 0 and 1, respectively, with the source in
region 1. Solutions to these two coupled equations can be obtained by iteration.
Substituting (17) into (16), the total electric field in region 0 is found to be in form
of the Neumann series

Eu7) = O + S EV(R) (18)
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where the n* order field is given by
EM) = [ &Fy -, Cor(F.F1)Q(F) - Ona (F1F2)Q(F2) -+~ Gan (Fam1,Fa)Q(Fa) - B} (Fa) (19)

The so-called “Born first-order approximation™ is obtained by letting n = 1 in
the previous equation. Heace

=(1), - - -
EV() = [ &7 Ca(r.7) @) -EV(R) (20)
and the “Born second-order approximation” is derived by letting n = 2

ES(r) = [ &7 Ba(r. 1) Q1) - Culri72) Q) EV(R) - (21)
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Born First-Order Approximation
a) Isotropic random medium model

Consider an electromaguetic plane wave impinging upon a two-layer random
medium configuration as shown in Fig. 1. For an incident electric field in region 0 of
the following form

Eo(F) = [Eonih(~kozi)e ™™o + Eguii(~kosi)e™o?] eFo? (22)

where fz( ~ko,:) and 9(-ko,;) are respectively the horizontal and vertical unit vectors
in region 0 associated with down-going waves, the coherent electric field in the random
medium is obtaiued [4]

f(xm(ﬂ = { Eoni [Aln'iz(klxi)e“h“ + BA.'f-l('-ku.')e’"‘““]

+ Egi [Awib(krai)e™* + Buid(-kyi)e ™) }e“ﬁ"" (23)
in which the following coefficients are defined [3]
_ Xou i2hy,d _ ko You 2k1,0d
Api = Dy Ry e Ay = % Fa Sz €
Xowi ko Yo
Buri=— o = T =
M7 Dy B ky Fx
Dy; =1+ RgjiRyai €*1? Fy; = 14 Sg1iS12: €2t1?
kcn' - kb-i ‘bkcn' =€ kbxi
R° . e— s‘ . = —l e enn
b kcn' + kbn' . ‘5k¢n + €Ik68l.
Xati =14 R, Yu=1+ Sobi (24)

As can be scen in (23), the A4 coefficients are associated with the up-going waves while
the B coeflicients describe the down-going waves. Under the far-field approximation.
the Green's function in (20) takes the following form in the backscattering direction

(3]

Ga(f.7y) = h(~kozi)Gora(FFy) = #(—koei)Gore(F. 1) (25)
- skor . 3 . . R
Gonl(F.7)) = :-r [-h.fl(kx:.')e'k“':‘ - Bn.h(—km‘)eqk“"”] ettt (26)
res etter P ky oz ik ik P
GonlF, Fy) = — [A,.-v(k,,;)e' i 4 Bot(-kyie™ '“"] Pl (27)
4rr

For each polarization, both -59,(1‘-. ;) and 'E(,o’ (7) are constituted by a down- and an
up-going waves. Therefore, -E_f,”(F) is formed by the sum of four different terms as
shown in Fig. 2. All the multiple reflections occurring at the boundaries are also
incorporated in the model and the backscattered wave is due to the single scattering
process under the Born first-order approximation.
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Figure 2: Physical interpretation for Born first-order approximation.

To compute the polarimetric backscattering coefficients (9), only the components
of the backscattered electric field are needed. Furthermore, the polarization of the
incident wave f(lo)(F) is only along one direction. either horizontal or vertical. With

the Fourier transform of the autocorrelation of the permittivity fluctuation for a
statistical homogeneous random medium

QIR >= bullainl” [ &3 0@
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the ensemble average for the first-order backscattered intensity takes the following
form

< EYOELE) > = boillanl’ [ €118 [ B ¢(B)e -7
[601;-(7. i) E(xt)(ﬂ)] [-G_m,('f, ) - .E_(l:)('_'l)] (29)

where 7 and « represent either the horizontal or vertical component of the transmitted
wave and y and v represent either the horizontal or vertical component of the r.ceived
wave. From (23), the following term bas been defined

_..(o) l . e -
Elo (?) = 2: EOou'Xap.' &(pkh;)elﬂu.:em,,-ﬁ (30)
p=-1
where a stands either for k or v, and p describes either up or down-going waves. In
a similar manner,

- eikor 1 X ) ; o i
Gowa(T,71) = e S Xopi G(physi)ePinnetn® (31)
=-1

where the following definitions have been used
Xati = Ani Xh-1i = Bu; Xoti = Aoi Xe-1i= By (32)
Substituting (30) and (31) into (29), a sum of 16 terms is obtained

1
EoriBoi 3. [XupXeq B(PR1ci) - 7(gk1ss))

P ra=—1
[XoriXasi D(rks) - &(sk1ai))” /ds'fxda?z/dzg &(3)

e"ﬁ'(;l -¥2) [e'.(ﬂhl"‘qiln)‘lez‘ipﬁ] [e’.('*ln""klu):ze&';"ﬁ]. (33)

bt 1?| €y m?

(1) = (1) /=\» -
< EO# (r)EOv (T) >= 167212

As can be seen, all the polarization information is contained outside the integral.
Also, the intensity is expressed. as a sum of sixteen terms since the electric field is
composed of four elements. With the two foliowing scalar quantities

Yo = Xupi Xrgi X0 XL (34)
Qe = [apkyz) - Fghia)] irkys) - Kiskys); (35)

(33) can be written as

T 7)* 6“)‘ 2" 'ﬂlz . ! 7] ra = -
< EQURENF)” > = '_1;:2:2 EiEpi Y Wi qme / £rd
/d33 Q(B) e‘@-(‘v’l -¥3) [el'(Pblu +qky, )y 52&";‘]

[ei(rl-u.-ﬁ-al'xu')::c?f;ﬁl.’:] * (36)

PR a==1
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The integrals in (36) are solved by decomposing the variables of integration into their
lateral and vertical components. By using the property of the Delta function and
introducing the illuminated area A, the integration over the lateral variables 3,, p,,
and ﬂ yields

4,2 2 1
< E(():,)(T)E(”( ) >= MEOHE;‘“ z \IJ:Y;‘ Q:q,:‘ /u"j;dlld:z

2
ar PR,ra==1

8(F, = 2R 0 B,) enlphncrenacal ~ia[Chuseh-a] o
In order to solve the last set of equations, let us define first the two complex quantities
a = pky + gkysi b= [rkig + skiz)® (38)

Hence, the integral part of (37) may be written
/ dzyds, o emibn / dB, ¥(B, = 2%k, B,) e~ #ela=n) (39)

Due to Cauchy’s theorem, the integral over 8. yields the following expression by
distinguishing two cases dependmg upon the sign of 2y — z,

21i Res®(2kp, B )e~ BT n=2)  if ;) < 2,

ol - 40
-2ni Res®(2ky, 57 )e 8- =22) if 20 > 2, (40)

[ 48 2@y et = f

where it is assumed that the spectrum density <I>(3P. 3.) has only one pair of complex
conjugate poles at 3. = 3%, and <I>(13 B.) vapishes everywhere on the infinite circle.
For the random medium of infinite lateral dimension and vertical extension from
z=~dtoz=0,(39) becomes

- - 0 . . . -
21 Res@(ﬁp = 2kp.~‘ B:) /‘dzl /Odzz elzl(ﬂ-ﬂn )e-l:!(b‘jl )
- 2
- 271 Res{)(jp = 21'.’",3:) /’0 d:l /: d:z ei=1(¢-ﬂ:)e-in(5—ﬂ;) (41)
-d -

For Res(B, = 2%,i,8;) = - Res(B, = 2k, ), these integrals may be easily solved
to get

1- e-i(e-82)e 1 - e-ila~b)d
(a-BH)o-8) (a-b)(d- 3}
1 - e-ila=bid e.‘(s-a: M e-ila=bld }

27i Res®(3, = 2k, BF) [

e-00-8) @-p6-m) T @G- A (42)
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To simplify the expression, let us define the following term
[P = 1- e“‘(°“: )M _ 1 = e—ila—bM . 1 — e—ila-b¥
(a-BF)(6-58F) (a-b)(6-BF) (a-b)(b-5;)
e85 )4 e—ila=bt)d
@ m6-8)  @- BIG6- 67 (43)

From (38), e is different from b for most cases because of the complex conjugation.
However, for the special case when a = b = 0, (43) may be written as

[1-e‘=’-‘d id id 1-e-‘6~‘d}

i L T F R “

Substituting /43) and (44) into (37) and 'using (9), the polarimetric backscattering
coeflicients are found to be

1
Oprvn = 21760 p?|e1 | iRes®(B, = 2K, BT) D WELL QELS I (45)
Pars=~1

Only three polarimetric backscattering coefficients are different from zero. This comes
from the factor Q272 in (35). They are zero due to the definition of the unit vectors

_TVE

[3]. Hence, the final results are

1
on = 2036w P em|® iRes®(B, = 2k, BF) Y. Wit I

Pqro=—1
’ 1
Ouw = 2026 ?|€1ml® iRes¥ (B, = 2k, 8F) Y. I QFL [t
’ Pro==1
1
Orter = 2128wy €1l iResE (3, = 2k, BF) Y. WLl QL IP* (46)
pra=~1
Ohe = Ohohr = Thhhe = Thvco = 0 (47)

For an autocorrelation function for the random permittivity (12) of the form

_I:l-tz' -!.“-n' -|‘ -gal
<eayfr)eay(Fa) >=blaml’e” » € » e © (48)

where § is the variance, [, and I, are the lateral and vertical correlation lengths,
respectively, the spectrum deusity (28) is given by

2
Lol (49)

Q(S{!ﬂy! ﬁ:) =

= (14 B22) (1 + 322) (1 + B212)
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The spectral density goes to zero as § tends to infinity satisfying the requirement for
the complex integration {40). The poles 3, of the spectrum deasity are cbtained

i

gF = £ 50}
Furthermore, the associated residues are found to be
12
Res®(3:,B,.8%) = = 051

213 (1+ ﬁzé) (1+3282)

b) Anisotropic random medium model

In order to describe earth terrains exhibiting an anisotropic behavior. ire ran-
dom permittivity is chosen to be uniaxial in a tilted coordinate system (6. Earth
terrains such as sea ice and corn fields display such a property. From (12), the random
permittivity is written in a teasor form

&(r) = Eim + By() (52)

where &(F) is a function of position characterizing the randomly fluctuating com-
ponent of the permittivity. For the random medium, it is assumed that both &,
and &;4(T) are uniaxjal in a coordinate system zy’z’ tilted respectively at an angle ¥,
¥y around the I axis as represented in Fig. 3. In this tilted coordinate system. the
permittivity tensor &, takes the following form

€ 0 0
igm = 0 €1 0 (53)
0 0 €12 \

In the coordinate system zyz, the permittivity tensor can be expressed as

€11 0 0
‘_t:)m = 0 €22 €23 (54)
0 e €

where

€1 =6
- 2. [ Y
€2 = COS" Y+ €, Y
€3 = €32 = (€, - € )sinYcosy
€33 = € sin’ P + ¢, cos’ ¥ (55)




1

~N)

= Optical axis cf the
’ Termittivity ienso*

<)

Figure 3: Geometrical configuration of the permittivity tensor it an anisotragpic
randox: wiedium.

Similar equations may de written for &,(7) with the tilt angle ;. From (20), the
“Born first-order approxamation” vields for the anisotropic case

E'() = [ &% Ga(r, 7 - Q) - V() (6)

where 5(?) = w?ué (7). Using Euler notation and decomposing the electric field in
horizontal and vertical components. the ensemble average for the first-order backscat-
tered intensity may be written as

< ENFRENT)” > = 23: / 718 [Gor (7. 1) Efa(F1)]

yhkilm=l

[Goxul('fa?z)fi?.;(fz)]' < Q(F1)Qm(T2) > (37

where the average of the components of the electric field has been computed by defin-
ing ¢ and v as the received polarizations and 7 and « as the transmitted polarizations.

As shown in Fig. 4, a horizontally or a vertically polarized incident electric field
will generate both an ordinary and an extraordinary waves, due to the anisotropic
permittivity in region 1. defined by their respective wave numbers [6)

k.= \/"’2#61 - kz.-




1nmnn

¢ 1
e =~ fikv-' + —\/Jzﬂfm:m - erepkd; - ‘161:k3.-
33 €13
| . € 1
k% = - ‘-'3 v = —wpaenen - ek - ek, (58)
13 €13 .
Z
f
_Plkea) | o
)
k;:oi -
a) - X
g Bt
; B,
Ky Ordinary wave
k::! Extraordinary wave
z
]
V(koy )
/ Koa
€
0
b i, 3
) - X
B
K, Ordinary wave
k:;‘, Extraordinary wave

Figure 4: Ordinary and extraordinary electromagnetic waves excited by the ani-
sotropic random medium. (a) Horizontally polarized incident electric
field. (b) Vertically polarized electric field.
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The components of the unperturbed electric field E(,o’(i) and the Green's function
Goi(F,71) may be written as (7]

WP = T EoaiXep b(k,;) einten? (59)

p=o,—o.cn.ed

thov -
Gora(F.Ty) = .:;.. z Xopi i’(kfa-)c'*;“" PRIPL (60)
p=o,~ocued

where a stands for either A or v, and p describes either an ordinary up-going wave (o),
an ordinary down-going wave (-0). an extraordinary up-going (eu), or an extraordi-
nary down-going wave (ed). Both the incident electric field and the Green’s function
are formed each by four terms meaning that backscattered electric field computed
with Born first-order approximation will be constituted by sixteen terms. Further-
more, the coefficients X,,;, the unit vectors p(k],;), and the wave numbers &} ; take
on the following expressions depending on the value of p

p=o= k;=kj; (kL) = o(ks Xopi = Aaoi
p=-o0= K=~k k) = o(- k3,0) Xopi = Baoi
p=eu= K=k (k) = e(ki Xopi = Aaei
p=ed= K, =kis (k) = e(kss;) Xapi = Boei (61)

Hence, substituting (59) and (60) into (57) yields

1)y g mye . Wil . L o
< Ep/(F)Eg, (T) >= 16772 EoriEqy; E
Shhm=1 pawamo

XX PUE.; - GRLN] DXt HKL - Sl [ 1Ty

/d’s é)ﬂm(j) e-‘s'(;‘-;z) [e‘(kfn+‘:n )“ez'.zﬂ;l] [e‘(‘:n’"";u )nez‘z’i—h] *

(62)

As can be seen. all the polarization information is contained outside the integral.
The parameters p. q. r, and s can take the values o, -0, eu, or ed as described in
(61). The inteasity is hence given by 2 sum of 256 terms. For each of these terms, 81
products (sum over jkim) have to be computed due to the anisotropic behavior of
the random medium. In order to simplify this result, let us define the two following
scalar quantities

Vi = XuniXrei XooiX oo (63)
Thim = PT); - QL] [FRL ) - 30k Dm)” (64)
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Hence, (62) may be written

(1) () willq? 3 «d .

- —=\® - pe pre

< Eou (r)EOv r) >= _1?1?"1‘—2. EO"EORI' z Z Wﬂﬂan ﬂjllm
J’.E‘l,m-l PR ra=0

/ &7 &% / &3 2;0m(3) emiBF1=72) [e.'(g{"ﬂ;")q ez.'i,.;,] [e.'(h;"ﬂ;,_):, ez.‘i,.;,]'
(65)

By following a similar procedure as in the isotropic case described in (37) through
(45), the parameters @ and b are first defined as

a = ki, + ki, b= (k] + k;xir (66)

By assuming a spectrum density é(},,ﬂ,) with n pairs of complex conjugate poles
at 3, = 3% and defining the following factors

. 1= e-i(a-85 )¢ 1 - e-ila—t
R = e hmG-Fn)  (a- D= 5% (7
P 1 = e-ite=td e-'(b—a.‘.)d e-ila=bM (68)

= @-0)0-Pa) (a-B)b-Fm)  (a-3m)(0- Bz)

the six polarimetric backscattering coefficients (11) are finally found to be [8]

ed 3
- 2 4.2 2 ) PaTs
Oprva = 27w pl€y) z ‘I’ﬁvn Z Q)’klm
Paramo jiklm=1

i {Res®jum(3, = 2K, 85) 1Y - Res®jum(B, = 2k, 82) T} (69)

Compared to the results of the isotropic case shown in (46) and (47), there is no zero
elements. This is due to the anisotropic behavior and the excitation of both ordinary
and extraordinary waves.
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Born Second-Order Approximation

For this case, only the isotropic random permittivity will be considered. From
(21), the second-order scattered electric field is given by

) = / &7, &2 Gor(F.71) Q(F1)- Cu(Fi,72) Q(F2) - ERa)  (70)

where fﬂ(?) and 50,(7. ¥)) are given by (30) and (31), respectively. The Green’s
function Gy,(;,7,) relates the field observed in region 1 at a position ¥; due to a
source in region 1 located at 7. It takes the following form from (9]

. =T
= - Kpo2na22) | .62 2>
Gu(r, 7)) = 2 /d’k Ju _ etrihi=pa) 71
1T, 72) 8x? 4 Ik z,2) | - 1< 2 (M)
where

=> 1 1 2 £ 2 ir 1. - -
Talfpazm) == L dtenether B C(E,) d(ki)a(-rh)  (72)

1= "r=—] azhy

— 1 > - —
BEnnm = 3 edendten $ 0 (E) aleh)a(-rke) ()
1z qr=~1 a=Ap
Here a denotes the polarization direction along & or v, and the coefficients C take
the following values (3]

Chu(ks) = C5y(K,) = Ryze™+4/ D, Ch1kp) = G y(K,) = 1/D;
Crulk,) = CSoy(k,) = RioRipe® 44/ D, Ci-1-1(k,) = CEy_y(K,) = Ruo/ D:
C:ll(l:ﬁ) = Cfu('E,) = Slzcm"d/Fz Cr)l—l(zp) = Cf-u(x’p) =1/F;
Cf_,,(ﬁ,) = Cfl-l(EP) = Sxosxzfm"dffz C:.,_,(I,) = Cf-l-l(i:’) = S1/Fs
(74)

The physical meaning of the Born second-order approximation (70) are interpreted
based on the fact that z‘o,('r.h). En(ﬁ.?,). and F(,o’('r‘) are composed of a down-
and an up-going wave for each polarization. Therefore. f:,’ '(F) is formed by the sum
of sixteen different terms as shown in Fig. 5. All the multiple reflections occurring
at the boundaries are accounted for and the backscattered wave is due to the double
scattering process under the Born second-order approximation.

With (30), (31), and (70), the ensemble average for the second-order intensity
is given by

< EQ() EQE) >= [ #rdmdndt < Q)RR QF) >

[EN#(F'?I) - Gu(F1.72)- f‘:?ﬁz)] [ao)u(T. 73)- Gulss.F4)- E:?(ﬁ)]‘ (75)
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where y, v, 7, and « represent either the horizontal or vertical polarization. Further-
more, u and v are associated with the receiver whereas 7 and « are associated with
the transmitter. By assuming gaussian random variables and considering only the
backscattering direction, the random term of (75) may be written as a sum of two

terms

< Q(R)R(FIQ(F) Q(Fe)* > =< Q(F1)Q(F3)" >< Q(F2)Q(74)” >
+ < QF)Q(F)” >< Q(F)Q(F)" >  (76)

Goui7)
?1
F‘l

Gy(Fy )

\

f2

. B

Figure 5: Physical interpretation for Born second-order approximation.
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Similarly to (28), by using the spectrum density of the autocorrelation function and
integrating over the lateral variables, the ensemble average takes the following form

. Sututie ]t A . _
< EQ() EQ(r) >= _w_‘%;_l_ EoniEn; / &k, / d2dzydzadz,
- - 1 1 .
[ 48480 ¥Es 45y fr) ¥R = KpBa) s 3 I
oMt =1
P AT
W(pk1e. o i(skyatrky )22 - 'i‘“ 'i" 23 =1(s' ‘“ r'&'. 24 v’ T
e PRtakisln ilekhintrbis)a omilp'hy, 4e'hy, )iy o=ila'hy, 4r'k],) a‘g"-r::ﬁ&(k’)
{Qm:;iv'o'(z’) e~ Bar(n=13) e-iﬂ.:(h-u)
+Q£1':;l";¢"""(_ EP) e~ Pnla=x) e—i:’zz(-t:-xa)} (77)
where the following terms have been defined
Vol = Xupi X i X0 i X2 (78)
T0 e () = G4 (ko)Corn(ks) (79)
QTare (k) = [ilphis) - &(gkis) &(- ki) - (k1))
[f’(p'kln') - ¥(¢'k1:) ﬁ('r'kls) . k(s‘ku;)]. (80)
Qrasdr s (- F,) = [i(pkrai) - Glghic) G(-Thy,) - #(sky)]
[(p'k1zi) - H(- g'kr:) 3(r'kn) - &(shas))” (81)

In the polar coordinate system, (77) becomes

828t - ‘A
< EQ() EQ() >= —E T2 “GZ’: L=

a 1
L’ Z Prd'e pilphinteki)n ilekistrh,n c-i(p'*;‘..-*c'*,'. %Y e-"h".‘,.*"*f.)u

2 ’
!‘1:" P oy prws
’l_'l_,l"l

T Tt (s (k) [ d3adde ks + k. B) $lks = kpu3i2)

EoviEpn; / dk, j d2ydzadssdzg

srvray
asn=Ar

e~ Bnla-a) gmidialan-u) 4 I:Z:f;f’;;"'""'(k,) / d3.,d3., @(k,.- +k,. B.1)

Blkyi = K,y Brg)emiBuitan=21) e--‘B;:(::-a)} (82)

where the integration over ¢ has yielded [3]

4 2' 8 ¢ = 0t 0
hd pragiq’e’s = JPire e T (1 83
- [, do 0 (k,)=1 (%,) (83)

RTYRQTY prvngy




1178

ﬂ"um urva.cy

/ d¢ q’r'a'( ‘ = IR'J N ] -0’y k . S'i

Using the Cauchy’s theorem. the integrauor over J,, and J.2 may be carried sut
The final result for the polarimetric backscatteriug coefficients are ubtained 3;

462 8, 4

WU ‘f imi

Curva = dk,
1

iRes®(kyi- ko, 8Y) Y wned ¥ Z T retko)

==l aashe Hi3=-1

{ Tl ™ o) MG () I ) NG k) 85

k 2 iRes®iky v kp ST
1: -

The factors M and .V are defined in {3]. It is noted that the 1ategrai oves t, ceanct
be solved analytically but only numericaliy. From the integraticn over i1¢ azimuiba
variable ¢ in (83) and (84). it is found that g4 = Oaaae = 0. However. tie
depolarization term o,, is different from zero. unlike the result obtained with the
isotropic Born first-order approximation.
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Results
a) Born first-order approximation

With the Born first-order approximation, the polarimetric backscattering coeffi-
cients have been obtained for the two-layer isotropic and anisotropic random medium
configurations. For the anisotropic random medium, the depolarization term o,, # 0
exists even with Born first-order approximation. In general, all the backscattering
coefficients Gan, Ones Ooe- Thhvey TarAes Taves. are different from zero for the anisotropic
case. However, when ¥ = ¢y = 0° but ¢; # ¢;,, no depolarization term is obtained for
this uniaxial untilted case and ox, = Oarre = Taove = 0. Also, for ¢ = 0 but ¥, # 0,
the non-zero depolarization terms gysa, and o4 .. are obtained. Finally. when - # 0,
all the backscattering coeflicients are different from zero. In a similar manner, when
¢ = 90°. implying that the plane of incidence contains the scatterers, there is no de-
polarization factor, and only three backscattering coefficients are different from zero
(Gho = Ohihe = Ohore = 0).

Fig. 6 illustrates dependence of the backscattering coefficients on the angle
of incidence for oas, 0., and oy, for a two-layer configuration, and these results
are matched with experimental data for sea ice taken in 1984 in Point Barrow in
Alaska by [10]. The input parameters ¢,, ¢,,, §, and §, are obtained using the strong
fluctuation theory developed in {11]. The tilt angle is chosen to be ¥ = vy = 20°,
and the azimuthal angle is assumed to be ¢ = 20°. The good correspondence is
noted between the experimental results and the theoretical predictions. Fixing the
incident angle at fp; = 40° in Fig. 6, the covariance matrix for the backscattering
coefficient (14) is shown in Fig. 7. As can be seen, this matrix does not contain any
zero elements.

For an earth terrain medium such as trees or grass, leaves grow randomly in the
azimuthal direction. This can be modeled by assuming that one patch illuminated
by the radar is oriented in a certain direction whereas the next patch is oriented in a
different direction and so on. To obtain the backscattering coefficients. the average
over many patches should be taken. This model is used in the theory by assuming
a fixed direction of the scatterers but modifying the position of the radar over the
azimuthal direction. This is shown in Fig. § for grass and in Fig. 9 for trees where
both these vegetation fields are simulated by averaging the backscattering coefficients
over 0. The step of averaging is Ao = 1°. Though the tilt angle v is different from
zero, there is a depolarization factor {04, # 0). but Opsre = Oroee = 0. This is due to
symmetrical reasons because the contribution of these two backscattering coeflicients
at ¢ is cancelled by the one at 180° - ¢. Also in Fig. 8 and in Fig. 9. experirnental
polarimetric radar data obtained by MIT Lincoln Laboratory are displayed (14]. The
frequency of operation was 35 GHz, and the angle of incidence was 82° (depression
angle of 8°). The radar illuminated on a vegetation field consisting of either grass or
trees at a range of ~ 2 km. A good correspondence between the theoretical predictions
and the experimental results is obtained.
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oo = 20°
o f=9GHz

€, =(3.55+i0.0665)¢,

€, =(3.71+i0.134) ¢,

v=20° v, =20° SEA ICE
5=0269 8,=0.528

lp=0.7mm L=11mm

. 2=-165m
G [dB] &= (45 +140)¢,

)
o
Y

e g [

Figure 6: Backscattering coefficient at 9 GHz as a function of incident polar angle
matched for sea ice.
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€ =(3.55+1i0.0665)¢,
€,=(3.71+i0.134) g,

y=20° v, =20° SEAICE
6 =0.269 8, =0.528

L=07mm | =1.1mm

=-1.65m
Covariance matrix:
8.43 023 +i1.18 9.40-i0.76
10°- | 0.23-i1.18 0.39 0.02-i1.34

9.40+i0.76 0.02+i0.134 10.6

Figure 7: Covariance matrix for the backscattering coefficients at 6p; = 40° for
sea ice.
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f=35GHz

g, =(1.03+10.0036)¢,
€,,=(1.03+10.046) ¢,

y=26° Y = 26° GRASS
d =0.066 §,=2.02

,=04mm | = 3.5 mm

Z=-0.1m

g,=(6.0+i0.6)¢,

Re |
Gy, (GB) O | Sw | B | MOy

S | Ohh | VOO | \Shn O

Experiment} -145 | 0.19] 1.4 0.54 0.03

Born -144 {0.17} 1.3 0.59 0.04

Figure 8: Covariance matrix elements for grass region using the average over the
azimuthal angle ¢ with A¢ = 1°. Experimental measurements and
theoretical calculations are shown.




f=35GHz

z=0

g, =(1.0233 +10.0013) ¢,
g,, = (1.0233 +10.02) g,
y=25° v, =25°
8=0.0451 &, =0.9644
L=05mm [, =3.5mm

TREES

zZ=-10m

g,=(6.0+i0.6)¢,

o, (dB) Shv | Ow Re(oinw) | IM(Sphn)

Ohn | Ohn 'Johh Owv ‘Jchh Ow
Experiment| -10.8 | 0.12] 1.2 0.64 0.01
Born -10.6 | 0.12] 1.2 0.65 0.05

Figure 9:
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Covariance matrix elements for tree region using i ¢ average over the
azimuthal angle o0 with A¢ = 1°. Experimenta! measurements and
theoretical calculations are shown.
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b) Born second-order approximation

Unlike the isotropic Born first-order approximation, a depolarization factor
o # 0 is obtained with the isotropic Born second-order approximation {9]. Fur-
thermore, it was shown that oxase = Oaeee = 0. Hence, the covariance matrix can be
written from (11)
Oih 0 Ohhow
0 Thre 0 (86)
Oiwe 0 Oo

oll
]

Although a mathematical proof has been used to show that five elements of the covari-
ance matrix are zero, this fact may also be illustrated from a physical point of view.
Let us concentrate on the term ¢, which is proportional to < VV . HV® > from
{11). By assuming that a vertically polarized electric field is transmitted. symbolized
by ¢ in Fig. 10. the product of the waves polarized in the horizontal and vertical di-
rections at the receiver is taken. The wave hits a first scatterer at position 7, and then
hits a second scatterer at position 7;. At that location, the electric field E induces a
dipole which can be decomposed into horizontal and vertical components. From that
point, the wave is backscattered and the receiver collects either HV* or VV. Due
to symmetry reasons, the second scatterer may be located at position 5. The corre-
sponding electric field E” is decomposed into a vertical component and a horizontal
component which is in the opposite direction from the component created by 7. At
the receiver, either HV* or V'V is collected. In order to obtain o,.,., the product
of these two quantities must be taken. However, the product created by the location
at 7, will have an opposite sign from the one created at the location 7;. By taking
the average, these two contributions cancel and ,,4, = 0 is obtained. Similarly for
every point, there is a symmetric scatterer which will cancel its contribution.

The depolarization factor is proportional to < HV . HV*® >, ie., a vertically
polarized electric field is transmitted and the horizontal component of the scattered
field is received. Unlike the term < V'V . HV* >, both quantities HV and HV* due
to the dipole at location 7} are in the opposite direction from the ones created by the
scatterer at ;. This implies that the product of the two quantities, which have the
same sign independent of the position of the second scatterer 75 or 73, renders the
average backscattering coefficient o,, different from zero as shown in Fig. 11.

Fi
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Incident wave

First scatterer at 7, ] & b E
t A "

=1

N r 1 /l
N Ty A
h—p y—h
Second scatterer ati, _ /+ (b l ; :_
E ‘\V f1 V’:‘ E
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Backscattering I I
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Interpretation of the term < 1°V" - H1°* > with the Born second order

‘igure 10:

approximation.
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Incident wave

— <)

X1

First scatterer at ¥, g &) ‘Ng

AN
Second scatterer att, _ /! C:b YN
E wWw~q—v, E

[N 1 ”

Backscattering

Figure 11: Interpretation of the term < HV . H1** > with the Born second order
approximation.
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¢) Strong permittivity fluctuation theory

The variance of permittivity fluctuations is usually large in geophysical media
consisting of mixtures of constituents with very different properties. With the di-
agrammatic approach (1], the propagation and scattering in random media can be
studied. The diagrammatic approach leads to the Dyson’s equation for the mean
field. It should be noted that in solving Dyson’s equation with the bilocal approxi-
mation, both the observation point and the source point within the random medium
can coincide with each other in the domain of integration. To take care of the singu-
lar nature of the dyadic Green's functions, a strong permittivity fluctuation theory
that applies to both small and large variances of the permittivity functions has been
developed [11].

The mean field and the mean Green's function are calculated by replacing the
medium with an equivalent medium having an effective permittivity which accounts
for losses due to both absorption and scattering.

It should be emphasized that the effect of the random medium on electromag-
netic waves is better described with the strong permittivity fluctuation theory thanin
the case of the traditional “weak permittivity fluctuations”. For the case of a random
medium described by a mixture of two components. only the fractional volume, the
correlation lengths. the permittivity of the two components, and the frequency are
necessary to describe the effect of the earth terrain. The other parameters, that is
the variances and the mean permittivities, needed for the Born approximation are
" computed with the strong permittivity fluctuation theory.

In order to illustrate the results of the strong permittivity Suctuation theory.
we compare oy, in Fig. 12 obtained with the weak permittivity fluctuation theory
compared with the strong permittivity fluctuation theory. We use a correlation func-
tion exponentially decaying in all directions with [, = {. = 0.3 mm. The physical
parameters chosen in Fig. 12 characterized a layer of dry snow [13]. In Fig. 12.
we plot o4 in the function of the frequency for 8o, = 60°. As shown. the results
obtained with the strong permittivity fuctuation theory are smaller than those ob-
tained with the weak permittivity fluctuation theory. This difference gets larger with
increasing frequencies. This is due to the fact that the losses due to scattering. which
increase with increasing frequencies. are taken into account in the strong permittivity
fluctuation theory.
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z=0
£, =€ €, given by {13]
1=0.3 mm
f,=25% DRY SNOW
O [0B]
)
> L
weak
o b
2 F
“r
6 Fr
-8 ( strong
.10 i /
. ' s ——=  {[GHZ]
15 20 25 30 35
Figure 12: Backscattering coefficient o), in function of the frequency computed

with the weak and strong permittivity fluctuation theories.
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